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 GaN-based light emitting diodes (LEDs) face several challenges if the technology is to 
continue to make a significant impact in general illumination, and on technology that has 
become known as solid state lighting (SSL).  Two of the most pressing challenges for the 
continued penetration of SSL into traditional lighting applications are efficacy and total 
lumens from the device, and their related cost.  The development of alternative substrate 
technologies is a promising avenue toward addressing both of these challenges, as both 
GaN-based device technology and the associated metalorganic chemical vapor deposition 
(MOCVD) technology are already relatively mature technologies with a well-understood cost 
base.  Zinc oxide (ZnO) and silicon (Si) are among the most promising alternative substrates 
for GaN epitaxy.  These substrates offer the ability to access both higher efficacy and lumen 
devices (ZnO) at a much reduced cost.  This work focuses on the development of MOCVD 
growth processes to yield high quality GaN-based materials and devices on both ZnO and Si. 
 ZnO is a promising substrate for growth of low defect-density GaN because of its 
similar lattice constant and thermal expansion coefficient.  The major hurdles for GaN 
growth on ZnO are the instability of the substrate in a hydrogen atmosphere, which is 
typical of nitride growth conditions, and the inter-diffusion of zinc and oxygen from the 
substrate into the GaN-based epitaxial layer.  A process was developed for the MOCVD 
growth of GaN and InxGa1-xN on ZnO that attempted to address these issues.  The 
structural and optical properties of these films were studied using various techniques.  X-ray 
diffraction (XRD) showed the growth of wurtzite GaN on ZnO, and room-temperature 
photoluminescence (RT-PL) showed near bandedge luminescence from the GaN and 
InxGa1-xN layers.  However, high zinc and oxygen concentrations due to interdiffusion near 
the ZnO substrate remained an issue; therefore, the diffusion of zinc and oxygen into the 
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subsequent GaN layer was studied in more detail.  Several approaches were investigated – 
for example, transition layers such as Al2O3 and AlxGa1-xN/GaN – to minimize diffusion of 
these impurities into the GaN layer.   
 Silicon, due to its prevalence, is the most promising material for the development of an 
inexpensive, large-area substrate technology.  The challenge in MOCVD growth of GaN on 
Si is the tensile strain induced by the lattice and thermal mismatch between GaN and Si and 
the formation of anti-phase boundaries.  Typical approaches to solve these problems involve 
complicated and multiple buffer layer structures, which lead to relatively slow growth rates. 
In this work, a thin atomic layer deposition (ALD)-grown Al2O3 interlayer was employed to 
relieve strain and increase material quality while also simplifying the growth process.  While 
some residual strain was still observed in the GaN material by XRD and PL, the use of this 
oxide interlayer leads to an improvement in thin film quality as seen by a reduction in both 
crack density (<1 mm-2) on ALD-Al2O3/Si) and screw dislocation density (from 3x10
9cm-2 
on bare Si to 2x108cm-2 on ALD-Al2O3/Si) in the GaN films. 
 A side-by-side comparison of GaN-based multiple quantum well LEDs grown on 
sapphire and on Al2O3/Si shows similar performance characteristic for both device 
structures.  A redshift in peak emission wavelength was also observed on silicon compared 
to sapphire, and this is attributd to higher indium content due to the slight tensile strain in 
the layers on silicon.  IQE of the devices on silicon is ~32% as measured by LT-PL, 
compared to ~37% on sapphire, but this difference can be assigned to the difference in 
indium compositions.  These results show a great promise toward an inexpensive, large-area, 
silicon-based substrate technology for MOCVD growth of the next generation of GaN-
based optoelectronic devices for SSL and other applications. 
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CHAPTER 1: INTRODUCTION 
The development of blue and, in particular, white light emitting diodes (LEDs) in the 
past decade has given rise to solid state light (SSL) sources designed for general illumination.  
These sources promise significant savings in energy and cost while maintaining performance 
comparable to incandescent sources and more recently fluorescents (both tube and contact).  
Several technical issues remain, however, if solid state sources are to make a significant 
penetration into the general lighting market, and the most pressing of these are efficacy, 
thermal management, and color temperature.  These issues must be addressed on multiple 
fronts in order to develop sustainable solid state light sources that are competitive in the 
general lighting market.  Solid state lighting provides one possible route for sustainable 
‘green’ sources that do not suffer the low efficacy of incandescent bulbs (10-15 lm/W) or the 
residual toxicity of mercury in compact fluorescents. 
1.1 State of the Art in Solid State Lighting   
The last decade has seen the development of high-brightness LEDs, both RGB and 
white, and their use in lighting applications ranging from signaling and automotive lighting to, 
more recently, illumination in residential and commercial buildings. [1]  The two core areas 
of development in this technology have been materials and device growth, and device design 
and fabrication, and these will be discussed in this chapter.  The current challenges before 
the scientific and engineering communities will be laid out here, with the aim of determining 
how to address these issues and push this technology toward a larger share of the general 
illumination market. 
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1.1.1 Semiconductor Materials for SSL 
 One of the most fundamental properties of a semiconductor material is its bandgap.  
The value of the energy gap determines the color of light emitted from the semiconductor 
and, thus, its usefulness in optoelectronic applications.  A wide range of semiconductor 
material systems has been investigated over the past century for use in microelectronic and 
optoelectronic applications, Figure 1.1.  The classic semiconductor material that has enabled 
the microelectronic revolution and had driven Moore’s Law is silicon.  However, silicon has 
an indirect bandgap, which means it neither absorbs nor emits light strongly, limiting its 
usefulness in optoelectronic applications.  In addition, semiconductor materials such as 
silicon and germanium have narrow bandgaps that are outside the visible region.  The need 
for semiconductor materials that strongly emit light and operate in the visible region has 
required the development of III-V compound semiconductor materials, Figure 1.1.  Some of 
these materials and related devices, such as GaInAs/InP have become the backbone of the 
optical fiber network, while others such as the AlGaAs/GaAs and AlGaInP material systems 
have enabled red and other colored emitters such as LEDs and LASERs. Ultraviolet (UV), 
blue, and green LEDs are based on the III-V semiconductor GaN and its alloys with indium 
(InxGa1-xN) and aluminum (AlxGa1-xN).  As shown in Figure 1.1, the bandgaps of the ternary 
alloys making up the nitride system span the spectrum from infrared (IR) to UV.  This wide 
range of emission wavelengths is a major reason for the use of nitride semiconductors in 
optoelectonic applications, particularly in the blue and UV regions, as well as in white LEDs. 
Nitride semiconductors, however, face several key challenges that have limited their 
performance to date.  Polarization effects play a role in reducing device efficiency, as nitrides 

















GaN-based devices often lead to spatial separation of electrons and holes in the active region 
of LEDs, decreasing radiative recombination rates and, thus, efficiency.[6,7]   
Another issue is the decrease in efficiency with higher indium content, Figure 1.2.  As 
shown in Figure 1.1, indium is often incorporated into GaN to form an InxGa1-xN alloy with 
a lower bandgap, allowing for blue and green emitters.  Indium incorporation, however, 
often leads to a significant drop in LED efficiency toward the green region.  This region is 
often called the “Green Gap” because most other III-V optoelectronic materials also lose 
efficiency in this region, but for different reasons.  Though the physical mechanism for this 
drop in efficiency is not completely understood at this time and is still an issue of discussion 
within the community, it has been attributed to, for example, carrier delocalization in 
indium-rich regions [8,9]and carrier leakage at high current density[10].  Defect densities are 
also much higher, on average, in nitride thin films (108 - 1010 cm-2) than in other 
semiconductor materials such as silicon (Si; ~0 cm-2) or gallium arsenide (GaAs; 102-104 cm-
2). [11-14] 
The significantly higher defect densities in nitrides stem from the lattice mismatch 
between GaN thin films and the common substrates used for GaN epitaxy: c-plane sapphire 
and silicon carbide (SiC).  Table 1.1 shows a summary of the pertinent physical properties 
and cost per unit area of various substrates used in GaN growth, both commercially and in 
research.  Sapphire is by far the most common commercially used substrate for GaN-based 
LED growth, with SiC taking up the rest of the market, Figure 1.3.[15]  The high defect 
densities induced by the large lattice and thermal mismatches on these substrates leave room 
for significant improvement in GaN-based devices. ZnO, in particular, is promising because 







Figure 1.2: External quantum efficiency (EQE) as a function of 
wavelength for nitride and phosphide materials. (from [16]) 
 




  a (Å) α(x10-6 K-1) Cost ($/in2) 
GaN 3.189 5.59 -- 
Sapphire 2.777* 8.4 12.73 
SiC 3.0817 2.892 2,064.51 
Si(111) 3.84* 2.6 3.42 











Figure 1.3: Substrates used in GaN-based LED production (from [15]) 
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1.1.2 GaN Growth Technology 
GaN-based devices have been grown by several techniques including molecular beam 
epitaxy (MBE), pulsed laser deposition (PLD), and hydride vapor phase epitaxy (HVPE). 
[17-21] The most common technique for the growth of GaN-based LEDs is metalorganic 
chemical vapor deposition (MOCVD).[22,23]  MOCVD provides for sufficient control of 
the growth process and also allows for process scaling to levels required for large-scale 
production.  MOCVD technology has matured alongside LED technology over the past 
decade due to its prevalence in the LED manufacturing industry.  Details of MOCVD 
growth will be discussed elsewhere (Section 2.2.1), but a general overview of the technology 
as it relates to solid state lighting is given here.   
MOCVD was first applied to the growth of GaAs-based devices, as it allows for 
sufficient control of growth surfaces and interfaces to grow high quality material suitable for 
optoelectronic devices while also offering reasonable growth rates.[24,25]  Significant 
advances were also made in MOCVD technology with the research and development of 
nitride-based materials and devices in the 1980s and 1990s.[26,27]  The use of nitrides in 
white LEDs today and the subsequent use of these white LEDs in solid state lighting 
applications has brought MOCVD technology to a state of relative maturity because of the 
increased demand for GaN-based materials and devices.    
The development of MOCVD technology over the past few decades has proven the 
suitability of the technique for LED growth and enabled the rapid growth of the LED 
manufacturing industry.[28]  However, a new set of challenges have emerged that must be 
met in order to push LEDs into the general lighting market.  The major challenges facing 
MOCVD growth today are mainly cost-related  – throughput, yield, and precursor efficiency 
– as LED manufacturers require high-volume production capabilities at low cost. [28]  
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Today’s MOCVD systems are designed for this high-volume production, with multi-wafer 
capabilities (up to 49 x 2” wafers) and high temperature loading and unloading to minimize 
downtime.[28,29]  These systems are also designed to make maximum use of precursors in 
order to reduce wastage.  Cost-related issues will be discussed in more detail later (Section 
1.1.4.4). 
1.1.3 Design and Fabrication of GaN-based Emitters 
Processing of an LED structure is determined largely by the desired device functionality.   
A typical surface-emitting LED structure used in this work is shown in Figure 1.4.  Device 
design takes into account several factors including light extraction, thermal management, and 
current spreading.  Surface roughening is often employed to increase light extraction 
efficiency, as the roughened surface helps to decrease internal reflection, thus increasing 
extraction efficiency.  Random roughening of the LED surface has been shown to increase 
light extraction efficiency over non-roughened LEDs. [30]  Periodic photonic crystal 
structures have also been used to increase light extraction efficiency.[31] 
One technique that is often employed in LED processing is laser lift-off.[30]  This allows 
the removal of the substrate, leaving only the free-standing GaN LED.  Removal of the 
substrate leads to better current spreading and heat dissipation in the LED, and such a free-
standing device allows for new approaches to light extraction and thermal management that 
are not possible when the device is attached to a substrate.[32,33]  
Laser lift-off techniques also suffer from low yield, as it is a time-consuming technique.  
In addition, the very high temperatures induced by laser lift-off can lead to degradation of 
the emitter surfade at the interface.  Novel substrate technologies and simpler approaches  
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Figure 1.4: Typical surface-emitting LED structure used in this work, showing p-type 
and n-type contacts from the top. 
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for substrate removal would allow for a much higher yield without degradation of the 
emitter surface at the substrate interface. 
1.1.4 Current Challenges facing SSL 
Recent developments in LED materials, growth, and processing have resulted in SSL 
luminaires with performance nearing that of incandescent and fluorescent sources.  There 
remain, however, several obstacles to be overcome if this technology is to take hold and 
become a viable option for general illumination applications.  The major issues facing white 
LEDs today are efficacy and efficiency, thermal management, color, and cost. 
1.1.4.1 Efficacy and Efficiency 
Efficacy describes the amount of light emitted from a source per unit of electrical power 
into the device, and is most often given in lumens per Watt.  Efficacy is one of the key 
metrics used to describe the light output of a source, and the highest efficacies reported for 
cool white LEDs today are near 150 lm/W.  [[1]] The practical maximum efficacy for cool 
white LEDs is near 228 lm/W, leaving ample room for improvement in current device 
technology.  Losses in other parts of the luminaire also decrease overall efficacy, so 
improvements in device efficacy are very important to improvements in overall luminaire 
performance.  
Efficiency also remains one of the major challenges for solid state lighting technology.  
Three different quantities are used to describe the efficiency of LEDs:  external quantum 
efficiency (EQE), internal quantum efficiency (IQE), and light extraction efficiency.  The 
relationship between these quantities is shown in Equation (0.1) 
 
ext int




η  is external quantum efficiency (EQE), χ  is light extraction efficiency, and 
int
η  is 
internal quantum efficiency (IQE).  It is clear that EQE is dependent on the two more 
fundamental quantities, IQE and light extraction efficiency, and an improvement in EQE 
can only result from an improvement in one of these two quantities.   An improvement in 
IQE can be brought about by an improvement in material quality or by design of the active 
region to allow more overlap between electron and hole wave functions.  Improvements in 
light extraction efficiency are most often brought about by improvements in processing 
techniques, as previously discussed.   
1.1.4.2 Thermal Management 
Thermal management of LEDs and LED clusters is also a major concern, as high-
brightness GaN-based LEDs tend to get quite hot during operation.   The major quantity of 
interest in thermal management is the junction temperature.  A high junction temperature 
reduces the efficiency of the device, and an unstable junction temperature causes fluctuations 
in peak wavelength, making it difficult to control color temperature.  Junction temperature 
can be calculated from the slope of the electroluminescence (EL) spectrum on the short 
wavelength side of the EL maximum of the LED.[34]  Junction temperature can also be 
calculated from the shift of the E2(high) mode in the Raman spectrum of the LED. [35] 
Typical thermal resistance values for GaN LED packages today are in the range of 5 – 
10 °C/W, and typical junction temperatures are in the range of ~125 °C.[36,37] 
Several different schemes exist to remove heat from the LED.  Active cooling schemes, 
i.e. those using a fan or some other device to cool the LED, are undesirable because of the 
extra power consumption and additional failure points introduced into the system.  High-
brightness LED fixtures most often make use of an external heat sink to maintain junction 
temperature in the device.  The two most common approaches are the use of an aluminum 
 12 
heat sink with fins and the use of a copper slug. [38]  Heat pipes, a thermal solution that is 
more common in cooling high-power CPUs, are also a relatively new method for thermal 
management in LEDs. [39]They are most often used in conjuction with aluminum heat sinks. 
Substrate materials with more favorable thermal properties – and substrates that can be 
removed – would help to develop new thermal management schemes for LEDs.  Specifically, 
materials with a low thermal expansion coefficient and high thermal conductivity are 
desirable.  By these criteria, silicon is a much more desirable substrate for thermal 
management of GaN-based devices than sapphire. [36]  Thus, the use of silicon as a 
substrate for GaN-based LEDs would allow for more efficient thermal management, making 
LEDs more practical for general lighting applications.  Moreover, both ZnO and silicon 
substrates would be relatively simple to remove, and substrate removal would allow for free-
standing GaN-based emitters with novel thermal managements schemes. 
1.1.4.3 Color 
The power spectrum of the source is a major factor in lighting technologies, and solid 
state lighting is no different.  The correlated color temperature (CCT) and color rendering 
index (CRI) of SSL sources must be similar to those of incandescent and CFL sources in 
order for SSL sources to compete in the general lighting market. 
White LEDs are typically made from a GaN-based blue LED coated with a yellow 
phosphor, Figure 1.5.  The concept is similar to a fluorescent source, in which excited 
mercury vapor produces short wavelength UV light to excite a phosphor that is coated on 
the inner surface of the tube.  The blue emission from the LED, coupled with the broader 
yellow emission from the phosphor, produces a white light with a relatively broad spectrum, 
Figure 1.6.  As the CCT of a typical white LED is often high relative to incandescent sources, 
GaN-based LEDs that emit a warmer white light (lower CCT) must be developed.  The 
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color of the phosphor is crucial in determining the CCT of the white LED since the 
emission wavelength of the GaN-based LED is fixed.  The development of cheaper and 
more efficient GaN-based LEDs will allow for cheaper and higher efficiency warm white 
emitters for use in general illumination applications. 
1.1.4.4 Cost 
The average price of an SSL luminaire (~$100) is much higher than either an 
incandescent ($1 - $2) or compact fluorescent ($5 - 10) source, and the largest part of this 
cost is the LED itself.  The increased price relative to other types of sources stems in part 
from the high cost of LED growth and processing equipment.  Precursors and substrates 
constitute another large expense in the production of LEDs.  Therefore, more efficient use 
of these materials – or the development of new, less expensive materials with the same 
capabilities – will significantly reduce overall expenses.  Specifically, the development of 
inexpensive, large-area substrates for GaN epitaxy will ultimately reduce the cost of SSL 
luminaires, leading to a more significant market penetration by SSL technology. 
A cost-of-ownership (CoO) model has been developed for commercial MOCVD growth 
systems to quantify both substrate-related expenses in LED production and the reduction in 
these expenses with the introduction of novel substrate technologies.  The model has been 
developed for current EMCORE E300 technology and the new Applied Materials (AM) 
MOCVD system that is currently operational at Taiwan Semiconductor Manufacturing 
Company (Epistar). The Epistar/AM tool can grow on 52 wafers per growth run, resulting 
in ~3,150 wafers per week with an estimated cost of ~$28/wafer including the substrate. 
The cost per wafer for the E300 tool of $43.66 reduces to a cost per wafer of $28.26 for the 
AM tool using similar variables.  The estimated cost of the epitaxial material is now close to 
the industry metric of about 1.5x the wafer cost.  Thus, additional cost savings can now only 
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Figure 1.5: Schematic of a phosphor-coated white LED. (from [40]) 
Figure 1.6: Power spectrum of a phosphor-coated white LED 
showing the blue emission peak from the LED and the yellow 
phosphor peak. 
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be made with a reduction in the cost of the substrate material.  Using an equivalent cost per 
square inch for silicon results in a factor of four (4) reduction in the substrate cost compared 
to sapphire.  Table 1.2 summarizes costs associated with ownership and operation of an 
MOCVD production system.  This full CoO model shows that using a silicon substrate 
results in a reduction of ~33% in yielded cost of LED wafers ($28.26 to $18.84). 
1.2 ALTERNATIVE SUBSTRATES 
The physical properties of ZnO are very similar to the properties of GaN, making the 
integration of these two materials promising for new device technologies.[41-44] The near 
lattice match of GaN and ZnO should allow for the growth of low defect density GaN, in 
turn leading to more efficient GaN-based devices.  The lattice match of ZnO with 
In0.18Ga0.82N may also lead to a reduction in strain in InxGa1-xN quantum wells, thereby 
increasing efficiency.  The use of ZnO as a substrate will also allow for the removal of the 
substrate by wet etching, allowing for new approaches to both light extraction and thermal 
management in LEDs.   
Si, while presenting serious challenges in terms of physical properties, is the most 
inexpensive substrate material.  It is also particularly interesting as a substrate because of the 
dominance of silicon in the microelectronics industry and the possibility of integrating 
additional functionality into the SSL source using the silicon substrate.  The development of 
silicon as a large-area substrate for MOCVD growth of GaN would lead to a 33% cost 
reduction in production of GaN-based LEDs, provided that quality similar to that of GaN 
















System E300 AM (52 wafers) AM (52 wafers)
Process LED (Sapphire) LED (Sapphire) LED (Silicon)
Wafer Size 2" 2" 2"
Capital for basic system(s) ($) $1,600,000.00 $3,000,000.00 $3,000,000.00
Facilitation costs ($) $160,000.00 $300,000.00 $300,000.00
Total capital required ($) $1,760,000.00 $3,300,000.00 $3,300,000.00
Time to depreciate (years) 7 7 7
Annual depreciation ($/year) $251,428.57 $471,428.57 $471,428.57
Required floor space (sq. meter) 26.00 26.00 26.00
Cost per square meter ($/sq.m/month) $30.00 $30.00 $30.00
Average Power required (kw.hr) 30.00 30.00 30.00
Cost per kilowatt hour ($/kw.hr) $0.10 $0.10 $0.10
Number of operators required/system 0.50 0.50 0.50
Operator's Salary + Overhead ($/hr) $15.00 $15.00 $15.00
Cost of epi materials ($/run) $400.00 $600.00 $600.00
Operating Cost @ full utilization ($) $1,378,991.56 $2,032,966.58 $2,032,966.58
Total Annual Operating Cost ($) $1,630,420.13 $2,504,395.15 $2,504,395.15
For required number of systems
CPWP @ full utilization $27.89 $15.65 $15.65
CPWP @ user rate $27.97 $15.70 $15.70
Cost of substrate wafer ($) $15.00 $12.00 $3.00
Yielded cost of wafer ($) $15.70 $12.56 $3.14
CPWP + Substrate @ full utilization $43.59 $28.21 $18.79
CPWP + Substrate @ user rate $43.66 $28.26 $18.84
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A summary of the issues associated with GaN growth on both ZnO and silicon 
substrates is given in Chapter 2 along with a review of the current status of this work in the 
literature. 
1.3 RESEARCH OBJECTIVES 
The objective of this research is the development of an MOCVD growth process for 
GaN on alternative substrates, specifically ZnO and Si.  This objective consists of five 
subtasks related to various aspects of the work:  
1) Modeling of GaN-based devices on ZnO and Si substrates 
2) MOCVD growth of GaN-based materials on ZnO substrates 
3) ALD growth of Al2O3 layers on Si substrates 
4) MOCVD growth of GaN-based materials on Al2O3/Si substrates 
5) MOCVD growth of GaN-based LEDs on sacrificial substrates. 
GaN-based LEDs will be modeled on both ZnO and Si substrates in order to gain a 
clearer understanding of the benefits of growth on these two substrates.  An MOCVD 
process will also be developed for growth of high quality GaN thin films on these sacrificial 
substrates.  Finally, GaN-based device structures will be grown on both ZnO and Si and 
tested for their optical and electrical properties.  This research will contribute to the 
development of novel substrates technologies for GaN-based LEDs, enabling the 
production of higher efficiency and lower cost LEDs. 
1.4 CONTRIBUTIONS 
 This work makes several contributions to the state of the art in GaN growth on 
alternative substrates.  MOCVD growth processes for GaN growth on both ZnO and silcon 
substrates were developed.  Diffusion of zinc and oxygen into the GaN epilayer was studied 
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in detail, and GaN-based device structures emitting in the green region were grown on ZnO 
substrates.  The major contributions to GaN growth on silicon are a reduction in crack 
density with the use of an Al2O3 interlayer to <1 mm
-2, and a reduction in screw dislocation 
density from 3x109cm-2 on bare silicon to 2x108cm-2 on Al2O3/Si.  GaN-based emitters on 
silicon showed a redshift in peak wavelength compared to similar structures on 
GaN/sapphire templates.  This redshift is attributed to increased indium incorporation in 
the films on silicon due to tensile strain.  Emitters on Al2O3/Si also showed an IQE of 32%, 
compared to 37% on GaN/sapphire, and the difference is assigned to the difference in 
indium content. These results show a great promise toward an inexpensive, large-area, 
silicon-based substrate technology for MOCVD growth of the next generation of GaN-
based optoelectronic devices for SSL and other applications. 
1.5 MATERIAL PROPERTIES 
 Material properties used throughout this work are based on commonly reported 
literature values.  Where discrepancies exist, the most commonly reported experimental 
values were used.  In cases where little or no experimental reports exist, for example in the 
case of InN piezoelectric constants, the best theoretical estimates were used.  Table 1.3 
summarizes the values used in this work for various important material properties. 
1.6 SUMMARY 
 The major issues facing GaN-based LEDs today are efficacy and efficiency, thermal 
management, color, and cost.  These issues must be addressed if LEDs are to take a 
significant share of the general illumination market.  One approach to address these issues is 
the development of alternative substrate technologies for GaN growth.  The use of lattice-
matched substrates (e.g., ZnO) could lead to much lower defect densities, increasing 
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efficiency significantly over current technology.  The use of inexpensive, large-area substrates 
(i.e., silicon) would also reduce the cost of production of LEDs.  The ability to easily remove 
both substrates also promises novel approaches to thermal management and light extraction.  
For these reasons, this work focuses on the development of ZnO and silicon substrate 
technologies for MOCVD growth of GaN. 
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Table 1.3: Material properties used in this work.  
E g e31 e33 c13 c33 a (A) Psp,z ε
AlN 6.11 -0.59 1.41 115 390 3.112 -0.081 9.0
InN 0.69 -0.22 0.43 95 200 3.548 -0.032 15.3
GaN 3.42 -0.33 0.65 105 395 3.189 -0.029 8.9
ZnO 3.37 -0.62 0.96 106 210 3.250 -0.050 8.75  
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CHAPTER 2: BACKGROUND 
 
 Work toward MOCVD growth of GaN on alternative substrates focuses on many 
different issues, but the ultimate goal is the development of a process that can consistently 
yield high quality materials and devices that can compete with GaN devices on both sapphire 
and SiC in terms of cost and/or performance.  This chapter summarizes the state of the art 
in GaN growth on alternative substrates. 
2.1 SI AS A SUBSTRATE FOR GAN EPITAXY  
A significant amount of work has been done toward MOCVD growth of GaN on Si in 
the last decade.  This work has focused on the development of techniques to relieve strain in 
GaN layers on silicon and match the quality of GaN layers grown on sapphire and SiC.  If 
successful, this work will have two major benefits.   
2.1.1 Advantages of Silicon as a Substrate 
First, Si substrates are cheaper than other commercially used substrates, such as sapphire 
and SiC.  This reduction in substrate cost will lead to a reduction in overall cost of 
production of GaN-based LEDs.  Second, MOCVD growth of high quality GaN on Si will 
allow for monolithic integration of GaN-based optoelectronics with Si-based 
microelectronics, opening the door for a wide range of novel applications in 
communications, computation, and related areas.[45,46] The dissimilarity of the two 
materials, however, presents major technical challenges that must be overcome if the 
integration of these technologies is to have an impact on the microelectronics and 
optoelectronics industries in the future. 
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2.1.2 Challenges for GaN growth on Silicon 
The physical properties of Si are dissimilar to those of GaN in several ways that make 
the integration of these two materials problematic.  The first major issue that must be 
overcome is the possibility of a Ga-Si eutectic reaction at the GaN/Si interface during 
growth.  The Ga-Si system is simple eutectic, with the eutectic point being 30°C.  The 
formation of a eutectic reaction at such a low temperature relative to growth temperatures 
leads to Ga meltback etching of the Si substrate, which presents a problem for nucleation of 
GaN on Si.[47]  This problem necessitates the use of a material other than GaN as a buffer 
layer, and AlN is most often the material of choice because of its compatibility with GaN.  
The absence of a eutectic reaction allows for better control over the interface and for fewer 
dislocations at the interface, leading to higher quality material in subsequent layers.  
 The crystal structures of GaN and Si also present challenges to their integration.  GaN is 
a hexagonal wurtzite crystal with lattice parameters c = 5.185 Å, and a = 3.189 Å, while Si is 
a face-centered cubic crystal with lattice parameter a = 5.431 Å.  The most common Si 
orientation for MOCVD growth of GaN is the (111) plane because of the smaller lattice 
mismatch it provides.[48,49] There is also a large mismatch between thermal expansion 
coefficients (αGaN = 5.59x10
-6 K-1; αSi = 2.6x10
-6 K-1).  Figure 2.1 shows the thermal 
expansion coefficients for GaN, AlN, Al2O3, and Si as a function of temperature. Coupled 
together, the large mismatches between lattice parameters and thermal expansion 
coefficients often induce significant tensile strain in the GaN epilayers, leading to higher 
defect densities and cracking in the thin films, despite the use of AlN as a buffer layer.[48,50]  
These problems have led to the investigation of several different approaches to relieve strain, 
reduce defect densities, and prevent cracking in GaN thin films on Si so that device quality 





Figure 2.1: Thermal expansion coefficients for GaN and some common 
substrates for GaN epitaxy as a function of temperature. 
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2.1.3 Literature Review 
A large body of work exists in MOCVD growth of GaN on Si.  Approaches for GaN 
growth on Si vary in complexity from simple AlN buffer layers [51,52] to more complex 
AlxGa1-xN/GaN superlattice structures and graded AlxGa1-xN layers [53].  The use of SixNy 
interlayers and various oxide interlayers have also been studied [54-57].  The goal of each 
approach is the development of a process that will consistently yield device quality GaN thin 
films on Si substrates, but the growth of crack-free GaN on Si has proven quite difficult 
because of the aforementioned challenges. 
Of course substrate orientation is of great importance in determining the amount of 
strain induced in the epilayer and, subsequently, the material quality.  Most work to date has 
been done on Si(111) substrates, as the (111) face of Si provides hexagonal symmetry and a 
smaller lattice mismatch than the (001) face.  The effective lattice constant for GaN on 
Si(111) is 3.84 Å due to this hexagonal symmetry.  Though the (111) plane is the most 
common orientation for GaN growth on Si, the effects of substrate orientation on film 
nucleation and growth have been investigated.  Nanoscale-faceted Si substrates exposing 
both the (001) and (111) faces have been used for MOCVD growth of GaN.[58]  Under 
normal GaN nucleation conditions, it was found that GaN nucleation occurred much more 
readily on the (111) face of Si than on the (001) face.  Figure 2.2 shows SEM images of the 
nanoscale faceted Si, with the (001) face exposed at the bottom and top of the troughs and 
the (111) face exposed on the sidewalls.  Figure 2.2(a) shows a top view SEM image of the 
GaN layer grown on faceted Si in which the facets of the substrate remain visible in the thin 
(~75nm) GaN epilayer.  Figure 2.2(b) shows a side view, and Figure 2.2(c) shows a close-up 
side view in which the boundary between substrate and epilayer is marked with a dashed line.  






Figure 2.2: SEM images of GaN grown on nano-
faceted silicon substrates showing preferential nucleation 
on the Si(111) surfaces. (from [59]) 
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voids that are visible in both Figures 2.2(b) and 2.2(c) due to the complete lack of nucleation 
and growth on the Si(001) face.   
Many aluminum-containing compounds have been studied as buffer layer materials for 
GaN growth on Si as well.  Among these are AlN, AlAs, and Al2O3.  Hageman et al. report 
the optimization of AlN buffer layers for GaN growth on Si(111) substrates.[51] However, 
the 3µm GaN layers in this study were still cracked, even under optimized growth conditions.  
Lu et al. also showed optimization of AlN buffer layers on Si(111) substrates for GaN 
epitaxy.[60] This work suggests that at low nucleation temperatures, the AlN is 
polycrystalline and does not allow for sufficient coalescence of the subsequent GaN layer.  
Also, at higher temperatures, Si diffused from the substrate begins to affect GaN nucleation 
so that the GaN islands do not completely coalesce, leading to degradation in the structural 
quality of the GaN layer.  Typical XRD spectra show linewidths of the GaN (002) reflection 
between 500 arcsec and 800 arcsec, though thickness of these layers varies.[61-64]  This 
shows that the material lacks the structural quality of typical GaN layers on sapphire, and 
that there is room for improvement in this technology. 
The major issue with the use of a simple AlN buffer layer remains that the GaN layers 
are often cracked due to tensile stress induced by the large lattice and thermal mismatch 
between GaN and Si.  Stress-thickness measurements of GaN layers on Si using a high 
temperature (1100 °C) AlN buffer layer have shown that, from a stress point of view, growth 
proceeds in two stages.  The first stage is a compressive state due to the lattice mismatch 
between GaN and the underlying AlN buffer layer, while the second stage is a tensile state 
that occurs after coalescence.  The two main features observed by AFM with the transition 
to a tensile state are coalescence of the GaN films and an increase in lateral grain size, which 
leads to a reduction in dislocation density. [52,53] However, the evolution of this tensile 
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stress during growth remains unclear, with some reports showing an increase in tensile stress 
up to a critical thickness of a few hundred nm and a decrease in stress after this critical 
thickness [60], and some reports showing a constant tensile stress with increasing film 
thickness up to ~1µm [52,53].  What remains clear, though, is that the issue of GaN cracking 
on Si is yet to be solved with a simple AlN buffer layer.  
The difficulty in relieving strain and preventing cracking in the GaN epilayer has led to 
the investigation of several other approaches to grow crack-free GaN on Si.  One common 
approach is the use of low temperature AlN (LT-AlN) interlayers to relieve strain.  This 
approach is based on previous work on growth of thick AlxGa1-xN layers on GaN using LT-
AlN interlayers.[65,66] Approaches using relatively thin AlN interlayers have been shown to 
produce crack-free GaN layers on Si.  It is thought that the AlN interlayers can prevent 
dislocations from propagating further and that they can relieve strain in subsequent GaN 
layers.   
Dadgar et al. were the first to demonstrate thick, crack-free GaN layers on Si(111) grown 
by MOCVD.[67]  They used 15-nm-thick LT-AlN:Si interlayers grown at ~550°C to obtain 
crack-free GaN on Si.  This work was continued by Bläsing et al., who studied the 
mechanism by which AlN interlayers relieve strain in GaN layers on Si.  Their work suggests 
that the growth temperature of the AlN interlayer affects the degree of relaxation in the 
GaN layer, with lower growth temperatures leading to unstrained material.  These LT-AlN 
layers also induce slightly compressive strain in the subsequent GaN layer during growth, 
helping to prevent cracking while cooling down.[68]  Cong et al. have also studied the use of 
LT-AlN interlayers, showing that the structural quality of the GaN layer depends 
significantly on the thickness and number of AlN interlayers.[69] This work has shown that 
an increase in the number of AlN interlayers (from 1 to 3) can decrease strain in the GaN 
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layer, thereby reducing dislocation density and increasing crystal quality.  Cong et al. also 
observed an increase in the GaN thickness required for coalescence with increasing AlN 
interlayer thickness.  Thus, thick AlN interlayers also slow the coalescence of the GaN layer, 
thereby reducing crystal quality.[69] Figure 2.3 shows TEM images of a GaN layer on Si(111) 
using three LT-AlN interlayers.  Note the formation and annihilation of dislocations at the 
GaN/AlN interfaces.  The use of multiple LT-AlN interlayers makes the blocking of 
dislocations more likely than the formation of new ones, thus reducing the overall 
dislocation density in the topmost GaN layer, though it remains under tensile stress.  
Another approach that has been studied to decrease stress in the GaN layer and increase 
structural quality is the use of a graded AlxGa1-xN layer.  The use of step-graded AlxGa1-xN 
layers produces films under biaxial tensile stress with reduced crack densities [70], while the 
use of thick (1-2 µm) buffer layers graded from AlN to GaN has been shown to induce a 
compressive stress in the subsequent GaN layer and to prevent cracking [52,53,71].  The 
thickness of the graded layer is an important parameter, with thicker graded layers increasing 
the thickness at which the subsequent GaN layer undergoes the transition from compressive 
stress to tensile stress.[53]  The layer grown on a 100nm AlN buffer in this work transitions 
from compressive to tensile stress near 200nm, and the stress remains constant through the 
rest of the film.  However, the layers grown on thick graded buffer layers do not undergo a 
transition from compressive to tensile stress, instead maintaining a constant compressive 
stress at thicknesses up to 1µm. The suggested explanation for this behavior is that the thick 
graded layer allows the increase in lateral grain size (which is named as a source of tensile 
stress in the GaN films) to cease, thus decreasing the source of tensile stress in the 
subsequent GaN films and allowing for the growth of thicker layers that are under 






Figure 2.3: TEM image of a GaN layer on 




the overall growth time and increasing the amount of precursors consumed during a single 
growth run, thus nullifying the cost advantages of Si as a substrate. 
One approach that has been taken to improve crystal quality of GaN layers grown using 
LT-AlN interlayers and graded AlxGa1-xN layers on Si is the use of a SixNy mask layer to 
promote lateral GaN growth.  The SixNy mask can be deposited directly on the substrate (in 
the case of sapphire)[54,57,72] or it can be deposited as an interlayer in the GaN epilayer, 
which is the most common approach taken on a Si substrate.[55,56]  The SixNy mask inhibits 
GaN growth since Si is an antisurfactant, thus reducing the number of available GaN 
nucleation sites in either case. This decreases island density and leads to a change in growth 
mode from 2D to 3D.  The GaN islands will coalesce again after a certain thickness, and the 
growth mode will return from 3D back to 2D, leading to a smooth surface with device-
quality material properties. [73] This approach was first shown to reduce defect densities in 
GaN grown on sapphire. [54-56]  The reasonable success of SixNy masking for GaN growth 
on sapphire led to its transfer to Si substrates for GaN growth. [51,67,74] 
SixNy mask layers for GaN grown on Si, however, are often used to increase crystal 
quality in conjunction with AlN interlayers or AlxGa1-xN layers, which are used to reduce 
tensile strain.  For example, Cheng et al. have reported the use of a SixNy interlayer in 
conjunction with step-graded AlxGa1-xN layers on a Si(111) substrate to grow crack-free GaN 
with dislocation densities as low as 3.0x108cm-2. [73]  Figure 2.4 shows a cross-sectional 
TEM image with layers in the following order on a Si(111) substrate: AlN buffer layer, step-
graded AlxGa1-xN layers, 400-500nm of GaN, SixNy interlayer, and topmost GaN layer.  This 
structure is typical of work done using SixNy masks on Si substrates.  Hageman et al. also 
show a significant improvement in both structural and optical quality of 3µm GaN layers 






Figure 2.4: TEM image of a GaN layer on Si(111) using three 
AlxGa1-xN layers on a SixNy interlayer. (from [73]) 
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after 1µm of GaN showed a decrease in PL linewidth from 17.6meV to 10meV at 4K, 
indicating improved optical quality and fewer electronic defects in the GaN layer grown with 
the SixNy mask.  
Dadgar et al. have extended this approach to the growth of crack-free GaN LEDs on Si. 
[67]  They grew ~2.8µm-thick LED structures on Si(111) using a LT-AlN buffer layer and 
two LT-AlN interlayers.  200nm of GaN were deposited after the second LT-AlN interlayer, 
and then a SixNy mask layer was inserted before the growth of the LED structure.  
Electroluminescence measurements showed an output power of 152µW at 20mA and 
455nm, which is a five-fold increase in intensity in the sample with the in situ SixNy mask 
compared to the sample without the mask. 
Most work using a SixNy mask layer has involved micron-sized pores in the SixNy. 
However, the size and distribution of pores in the mask layer have an effect on the 
coalescence thickness and, thus, material quality.  Smaller pores are thought to lead to 
quicker coalescence and fewer dislocations in a smaller thickness of material. Nanopatterned 
SiO2 has also been used to investigate this phenomenon. [75]  Like the SixNy masks reported 
previously, the SiO2 was deposited on a GaN epilayer that was grown on a 100nm AlN 
buffer layer on Si(111).  The 3D growth mode continues until the islands coalesce and the 
layer returns to a 2D growth mode with a smooth surface.  The advantage of the 
nanopatterned mask is that the islands coalesce much more quickly (within ~50nm of the 
SiO2 mask), thus reducing the dislocation density more quickly than if the GaN islands were 
much larger and spaced further apart. 
Nanoheteroepitaxy of GaN on Si has also been studied without the use of AlN buffer 
layers or LT-AlN interlayers.  Hersee et al. report the use of a SiO2 mask to promote GaN 
island growth, and the spacing of these islands to allow for coalescence in small areas over 
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the substrate. [59]  They observed a significant reduction in threading dislocation density 
compared with GaN grown on large-area Si.  The most prevalent type of defects, in fact, 
were stacking faults, which were confined to an area near the GaN/Si interface and do not 
propagate through the entire layer, as threading-type dislocations often do.  These layers 
showed some cracking, however, due to the large thermal mismatch between the two 
materials, though they showed significantly lower defect densities in the upper GaN layer 
(3x109 cm-2) compared to GaN layers grown on large area, unpatterned substrates.[59,76] 
While the use of a SixNy mask layer improves the structural quality of GaN thin films 
grown on Si, it does not negate the need for LT-AlN interlayers or AlxGa1-xN layers to 
relieve tensile stress in the GaN layer.  Thus, it further complicates the growth process for 
GaN on Si and negates the advantages of Si as a substrate for MOCVD growth of GaN.  
This makes clear the need to investigate other methods for growing high quality GaN on Si 
and, in particular, the need to simplify the growth process for GaN on Si if it is to become a 
viable commercial technology. To this end, other approaches have been studied to simplify 
the growth of GaN on Si while maintaining device quality material.    
Strittmatter et al. took a slightly different approach to the use of buffer layers, nucleating 
with AlAs at 450 °C and then growing a thin layer of AlAs at 720 °C.[77,78]  The total 
thickness of the AlAs buffer layer was ~40 nm.  A thin AlN layer was then deposited on this 
AlAs buffer layer, and finally a 1 µm-thick high temperature GaN layer was grown.  They 
also studied the formation of a single AlN buffer layer by nitridation of the AlAs layer at 
950 °C and obtained similar results.[77]  Structural and optical quality of these layers was on 
par with other reports of MOCVD-grown GaN on Si(111) with a simple AlN buffer, but the 
layers remained cracked. 
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Attempts to simplify the growth process for GaN on Si using materials other than III-
nitrides as buffer layers have also led to the investigation of various oxides as transition 
layers.  BaTiO3 (BTO) and SrTiO3 (STO) have been investigated as transition layers for 
growth of GaAs on Si.  Yu et al. reported the MBE growth of single crystal BTO and STO 
on Si (001) substrates.[79]  BTO and STO were chosen because of their near lattice match 
with Si when rotated 45° on the [001] axis.  These layers were then used for the growth of 
high quality GaAs, from which metal epitaxial semiconductor field effect transistors 
(MESFETs) were fabricated.  Figure 2.5 shows a schematic of the structures investigated in 
this work. [80]  
AlOx has also been investigated as an oxide transition layer on Si.[81]  Al strips were 
oxidized by Napierala et al. and used as nucleation sites to promote lateral overgrowth of 
GaN.  This work led to high quality GaN l;ayres on Si, and it shows the promise of Al2O3 as 
an oxide transition layer to simplify MOCVD growth of GaN on Si. 
2.2 ZNO AS A SUBSTRATE FOR GAN EPITAXY 
ZnO has been the focus of intense research recently because of its physical properties 
such as bandgap (Eg = 3.37 eV) and exciton binding energy (~60 meV), which offer promise 
for more efficient emitters at room temperature.  The similarity of ZnO and GaN has also 
led to investigations into the integration of these two materials.[41-44]  
2.2.1 Advantages of ZnO as a Substrate 
The near lattice match of GaN and ZnO should allow for the growth of low defect 
density GaN, in turn leading to more efficient GaN-based devices.  The use of ZnO as a 
substrate will also allow the removal of the substrate by wet etching, allowing for new 






Figure 2.5: Schematic of a structure studied for monolithic integration of 
MBE-grown GaAs with silicon. (from [80]) 
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problems of interdiffusion at the interface and ZnO instability in H2 remain to be solved, 
however, if ZnO is to become a significant substrate material in the GaN-based LED market. 
2.2.2 Challenges for GaN Growth on ZnO 
Both GaN and ZnO are hexagonal wurtzite crystals, with a lattice mismatch in the a-
direction of 1.8%.  These similarities make ZnO a very promising substrate for GaN growth.  
However, there are two major challenges to be overcome in GaN growth on ZnO.  The first 
is the instability of ZnO at high temperatures in H2.  H2 is commonly used as a carrier gas in 
MOCVD growth of GaN, and NH3 is the most common nitrogen precursor.  This hydrogen, 
however, etches the ZnO substrate, roughening the surface and inhibiting growth of high 
quality GaN.[82]  The second challenge is the diffusion of Zn and O from the substrate into 
the GaN layer.  Zn, in particular, diffuses quickly and degrades overall material quality as 
well as interface quality of subsequent multiple quantum wells (MQWs) or superlattices (SLs). 
2.2.3 Literature Review 
The physical properties of ZnO, including its wide bandgap (Eg = 3.37 eV), near lattice 
match with GaN (1.8%), and similar thermal expansion coefficients make it a promising 
material for use as a substrate for GaN epitaxy.  ZnO (0001) substrates are commonly used 
for investigations into GaN epitaxy because of the near lattice match.  However, this 
presents the problem of growing a polar thin film (c-plane GaN) on a polar substrate (c-
plane ZnO).  The strong polarization fields in these materials necessitate a clear 
understanding of the GaN/ZnO interface in order to develop an MOCVD process for high 
quality GaN on ZnO.  Allen et al. studied the electrical properties and polarization effects in 
bulk ZnO substrates.[83]   
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They found that free carriers in the bulk ZnO move toward the surface to compensate 
for the bound spontaneous polarization charge at the surface.  Significant band bending was 
observed, however, in samples with low free carrier concentrations.  This band bending 
leads to the formation of an inversion layer near the ZnO surface, compensating the bound 
spontaneous polarization charge at the surface, Figure 2.6(a). Differences in surface 
morphology have also been observed between Zn-polar and O-polar material, with Zn-polar 
surfaces often showing triangular steps or pits.  It is thought that these triangular pits result 
in a net electric field that compensates for the electrostatic instability at the Zn-polar 
surface.[84] 
Nakayama et al. investigated the GaN/ZnO band alignment, which is a Type II band 
offset, with both the bottom of the ZnO conduction band and the top of the ZnO valence 
band being below those of GaN, Figure 2.6(b). Calculations were made using a local density 
approximation, and the average valence band offset was calculated to be 1.6 eV. Actual 
values ranged from 1.0 eV to 2.2 eV, however, depending on ZnO surface conditions and 
treatment.[85]  This work also suggested a slight band bending in the GaN thin film (~100 
meV/Å) induced by charge transfer from the interface to the GaN layer.  The GaN/ZnO 
interface was modeled in more detail by von Pezold et al.[86], who suggest that cation 
compensation is more likely at the interface (relative to anion compensation) from a 
formation energy perspective. 
MBE growth of GaN on O-face substrates using a LT-GaN buffer layer resulted in a 
GaN surface with RMS roughness = 11nm.  The GaN layers in this work were deposited on 
both O-face and Zn-face substrates, and with both LT-GaN and LT-AlN buffer layers.  The 
LT-GaN buffer layer on O-face ZnO showed the smoothest surface and highest quality as 






Figure 2.6: (top)Band bending induced by polarization effects 
in bulk ZnO crystals. (from [83]) (bottom) Average band offset at 
the GaN/ZnO interface. (from [85]) 
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published, though, due to the problems of interdiffusion and ZnO instability in H2.  
Kobayashi et al. report the MOCVD growth of GaN on Zn-face ZnO substrates at 700 °C.  
Significant interdiffusion was observed at the interface, even at these relatively low growth 
temperatures.[88]  Kawai et al. also report the MOCVD growth of InxGa1-xN films on c-
plane (0001), a-plane (11-20), and m-plane (1-100) ZnO substrates in the temperature range 
550 °C to 680 °C.[89]  This work showed decreased crystal quality as observed by XRD for 
the films grown on c-plane ZnO compared to those on both a-plane and m-plane ZnO.  
These initial reports suggest that ZnO is a promising substrate for GaN growth, though 
much work remains to be done in order to develop an MOCVD growth process that can 
yield device quality GaN on ZnO. 
2.3 SUMMARY 
While a significant amount of work has been done toward MOCVD growth of GaN-
based materials and devices on silicon, the solutions that have been shown to work remain 
somewhat complicated and costly, as they require thick AlxGa1-xN layers or AlxGa1-xN/GaN 
superlattices.  Oxide layers have been used to integrate other III-V materials with silicon, and 
this work will investigate the use of oxide layers to integrate GaN and silicon. 
 GaN growth on ZnO substrates is less understood than GaN growth on silicon, and 
diffusion and substrate stability remain the major issues to be solved.  This work will 
investigate GaN growth on ZnO by MOCVD, with an eye toward suppressing zinc and 




CHAPTER 3: EXPERIMENTAL EQUIPMENT AND 
TECHNIQUES 
 
There are several different aspects of this work, including modeling, materials growth, 
characterization, and processing.  This chapter describes the techniques used and the specific 
equipment employed in each aspect of this research. 
3.1 MODELING 
Simulations of GaN-based emitters on various substrates were performed in this work 
using the nitride simulation package SiLENSe.  One-dimensional simulations of various 
emitter structures were performed in order to determine the effects of substrate-induced 
strain on the optical and electrical properties of GaN-based emitters.  Efficiency was also 
calculated from these simulations. 
3.2 GROWTH 
Epitaxial growth techniques lie at the heart of both LED production and semiconductor 
thin film research.  Several different growth techniques have been used to deposit wide 
bandgap materials, including pulsed laser deposition (PLD), molecular beam epitaxy (MBE), 
and hydride vapor phase epitaxy (HVPE).  MOCVD technology provides the control, 
flexibility, and scalability necessary for high-volume production of high-quality 
optoelectronic devices, and it has matured over the past decade into the major technique 
used in production of LEDs today.  MOCVD is used in this for this reason. 
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3.2.1 MOCVD Growth 
 MOCVD growth involves the use of metalorganic precursors (e.g., trimethylgallium) to 
provide a sufficient vapor pressure to allow for transport of the constituent elements 
(gallium, indium, and aluminum, in the case of nitride materials) in vapor phase.  It is a 
complex process involving many chemical and physical processes, and these processes and 
their effects on one another are not all clearly understood.  In general, the growth process 
can be described in terms of thermodynamics and kinetics, with thermodynamics describing 
the driving forces behind growth and kinetics describing the rate at which these reactions 
occur. 
3.2.1.1 Thermodynamics 
Thermodynamics describes the driving forces behind the overall growth process.  It is 
useful in determining the solid composition of a multi-component system as well as in 
determining the composition of a solid with varying temperature and pressure.  
Thermodynamic calculations are done for a system in equilibrium, which is defined as the 
state in which the Gibbs free energy is a minimum. Gibbs free energy is given in Equation 
(3.1) 
 G H TS= −  (3.1) 
where H and S are enthalpy and entropy, respectively.  While MOCVD is a non-equilibrium 
technique, thermodynamics is very useful in describing the driving forces behind epitaxial 
growth and in determining the solid composition and maximum growth rate of the film. 
 For a simple two-phase system with phases α and β, moving a small amount of 




, , , ,
0
j i




  ∂ ∂
− =    ∂ ∂   
 (3.2) 
Here, ni is the molar concentration of component i, and P and T are pressure and 
temperature, respectively. The partial derivative of G with respect to ni is known as the 
chemical potential, and for non-ideal cases, it is expressed as 
 0 ln( )
i i i
RT aµ µ= +  (3.3) 
where µi is the chemical potential, µi
0 is the chemical potential at some arbitrary standard state, 
R is the gas constant, and ai is known as the activity coefficient. 
 When the system is in a non-equilibrium state, the difference in chemical potential is 
non-zero.  This has been called the “driving force” for epitaxy[90,91], and is described 
mathematically by Equation (3.4): 
 
A B
µ µ µ∆ = −  (3.4) 
From a thermodynamic perspective, a non-equilibrium gas phase is intentionally created 
in the MOCVD reactor to drive the reaction at the surface and, therefore, growth.  The 
formation of the solid phase decreases the difference in chemical potential, pushing the 
system back toward equilibrium. The maximum growth rate achievable is simply the amount 
of material that would return the system to complete equilibrium.[91]  Of course, the 
maximum growth rate is also dependent on reactor geometry and total flow rates. 
The observed growth rate is often much lower than that calculated from 
thermodynamics, however.  Mass transport and surface reaction rates also have an effect on 
the growth rate, which is determined by the flux of atoms reaching the film surface from the 
gas phase.  The percentage of atoms injected in the gas phase that actually reach the film 
surface is quite small.  Thus, it is possible for near-equilibrium conditions to exist near the 
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film surface even when a large difference in chemical potential exists in the gas phase.  Such 
a situation occurs when the surface reactions proceed more rapidly than the mass transport, 
and is referred to as mass transport-limited growth.  In MOCVD growth of III-V materials, 
an effort is usually made to stay within this growth regime.   
In typical III-V growth conditions, the V/III ratio is much greater than 1.  This 
overpressure of the Group V element – nitrogen in the case of GaN growth – means that 
much less gallium is available to diffuse to the growth surface compared to nitrogen.  Thus, 
the growth rate in mass-transport limited growth is directly proportional to the gallium flow 
rate.  Figure 3.1 shows the dependence of growth rate on growth temperature, with mass-
transport limited growth and kinetically limited growth labeled..  A plot of log(growth rate) 
versus 1000/T is often used for this purpose. These growth regimes will be discussed in 
greater detail in the following sections.   
Thermodynamics is able to explain the overall driving force in MOCVD growth, but it is 
unable to describe the rates at which these processes occur or the steps involved in the 
process.  A closer examination of kinetics and mass transport is necessary to develop a more 
complete understanding of the growth process and the steps involved. 
3.2.1.2 Kinetics 
 Kinetics describes the steps involved in the MOCVD growth process as well as the rates 
at which those steps proceed.  A major part of kinetics in MOCVD growth is describing the 
chemical reactions that occur both in the gas phase and at the solid surface.  The equilibrium 
system considered by thermodynamics assumes a completely reversible reaction, with the 
forward and reverse reactions proceeding at the same rate.  As MOCVD is a non-







Figure 3.1: Dependence of growth rate on growth 
temperature for GaN using different NH3 precursors.  
Lines denote kinetically limited growth (lower 
temperatures) and mass transport-limited growth (higher 
temperatures). (from [92]) 
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rates near the solid surface is very small compared to the reaction rates themselves, leading 
to very small growth rates and near-equilibrium conditions at the solid surface.[91] 
For a given chemical reaction, the rate of the forward and reverse reactions is given by 






=  (3.5) 
where Ea is the activation energy and A is a pre-exponential factor.  Chemical reactions 
occurring purely in the gas phase are called homogeneous reactions, while those occurring at 
the solid interface are called heterogeneous reactions.   
There are two basic types of homogeneous reactions: unimolecular and bimolecular 
reactions.  In a unimolecular reaction, a single parent molecule breaks apart into two separate 
molecules.  The reaction rate is proportional to the concentration of the species.  In a 
bimolecular reaction, two parent molecules react to form a complex, which may also 
undergo a unimolecular reaction. [91]  For a bimolecular reaction between two species A and 
B, the reaction rate is proportional to the rate of collisions between A and B.   
Heterogeneous reactions are of great significance in MOCVD, as thin film growth is the 
ultimate goal, and this involves reactions at the solid-vapor interface.  Heterogeneous 
reactions in MOCVD are most often described using the Langmuir adsportion model, which 
assumes that there are a fixed number of sites on the surface onto which an atom can adsorb, 
and that a certain percentage of these sites is occupied.[93] The Langmuir adsorption 










Typical growth of high-quality thin films proceeds with adsorption, diffusion of reactants 
across the surface, attachment to a surface site, and desorption of products.  This process 
often proceeds by the formation of steps on the surface, with the diffusion of adsorbed 
atoms across the surface and attachment to a step. [91]  A sufficient number of empty sites 
must be available in order to allow for diffusion across the surface, so the fraction of 
occupied sites Θ for each component must be much less than one.  This makes the growth 
rate proportional to the partial pressures of the components in vapor phase at the solid-
vapor interface. 
MOCVD growth often consists of a complex series of these reactions – both 
homogeneous and heterogeneous, proceeding in forward and reverse – and not all of them 
are clearly understood.  Early investigations of the pyrolysis of metalorganic precursors 
involved the study of a single reaction or a single chain of reactions. [91]  This, however, is 
of limited use in describing the MOCVD process as a whole, in which both cation and anion 
precursors are pyrolized and react with the surface simultaneously.  Also, the presence of H2, 
which is often used in both III-V and II-VI MOCVD, affects the rate at which these 
reactions occur as well as the order and likelihood of the reactions. [94]  Kinetics is useful in 
explaining the MOCVD growth process and the chemical reactions involved despite these 
limitations.  However, MOCVD is a complex process with many factors involved, and a 
clear understanding can only be reached by considering the aspects of fluid dynamics and 
mass transport in addition to both thermodynamics and kinetics. 
3.2.1.3 Fluid Dynamics and Mass Transport 
A third important aspect of MOCVD growth is that of gas flow inside the reactor, also 
known as fluid dynamics, or hydrodynamics.  Fluid dynamics depends on the reactor 
geometry and experimental equipment more than any other aspect of MOCVD growth.  Gas 
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flow through an MOCVD reactor is by forced convection, meaning that gas flows because 
of the intentional pressure gradient across the reactor.  The velocity vectors are parallel to 
each other and parallel to the walls of the reactor, which is known as laminar flow.  In the 
laminar flow regime, both convection effects created by rapid heating of injected gases and 
mass diffusion of precursors to the substrate caused by a gradient in chemical potential play 
a significant role in determining the growth rate.  Because temperature plays a role in both of 
these processes, there exists in standard MOCVD processes a growth regime in which the 
growth rate is limited by fluid dynamics and mass transport effects. [90,91] 
A mathematical description of gas flow in an MOCVD reactor involves the solution of 
three partial differential equations.  The first equation describes conservation of mass: 
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where ρ is mass density, v is average velocity, ni is the total mass flux of component i, and ji 
is the diffusive flux with respect to v.  The second equation is known as the Navier-Stokes 
equation, and it describes conservation of momentum: 
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 (3.8) 
where ρ is total mass density, vv is a second-order tensor, Π is the pressure tensor, and gi is 
the sum of the external forces per unit mass on component i.  The third equation describes 
conservation of energy: 
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where E is the internal energy per unit mass, and q is the conductive heat flux. [90,91] 
Equations (3.7) through (3.9) must be solved by imposing certain boundary conditions, and 
computer modeling software is often used.  For example, the boundary condition at any 
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surface is that velocity perpendicular to the surface is zero.  Also, velocity parallel to the 
surface decreases as the surface is approached, leading to the formation of a boundary layer 
across which precursor atoms diffuse to adsorb onto the surface of the growing film.  In 
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Where ν is the kinematic viscosity and ω is the rotation speed of the disk.  Thus, the 
boundary layer thickness decreases with an increase in rotation speed.  This model cannot 
account for effects such as growth rate non-uniformity and convection in real MOVCD 
reactors, however, as no such stagnant boundary layer actually exists. [90,91] 
 The complex processes involved in MOCVD growth make it difficult to paint a clear 
picture of the entire process.  However, a clear understanding of gas flow inside the reactor 
and the issues pertaining to fluid dynamics in MOCVD provides much deeper insight into 
the mechanisms at work in the growth process.  Fluid dynamics, along with thermodynamics 
and kinetics, can be used to paint a reasonably clear picture of the MOCVD process.  These 
major areas will be used in the next section to discuss issues that are unique to MOCVD 
growth of GaN. 
3.2.1.4 MOCVD Growth of GaN 
 Nitride growth by MOCVD is relatively new compared to other III-V materials, such as 
GaAs.  However, a significant amount of work that has gone into understanding MOCVD 
growth of GaAs applies directly to GaN growth as well.  This is particularly true when 
dealing with pyrolysis of gallium precursors.  Trimethylgallium (TMGa) is the most common 
gallium precursor in MOCVD growth of GaN. Larsen et al. showed that TMGa is 
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completely pyrolyzed at 550 ºC, regardless of carrier gas, Figure 3.2. [91,95]  Other results 
have shown the major products of TMGa pyrolysis in both H2 and N2 ambient to be CH4. 
[95] 
Triethylgallium (TEGa) is often used when growing InxGa1-xN/GaN quantum wells.  
TEGa pyrolizes at much lower temperatures than TMGa, being completely pyrolized at 400 
ºC. [91]This is similar to the decomposition temperature of trimethylindium (TMIn), which 
makes it useful in growing InxGa1-xN/GaN quantum well structures.  Studies in H2, N2, and 
He show the main decomposition mechanism to be a β-hydride elimination mechanism, by 
which the TEGa molecule loses a C2H4 molecule. [96] 
Ammonia (NH3) is the most common nitrogen precursor used in GaN growth.  NH3 
decomposes at much higher temperatures than the metalorganic precursors used in GaN 
growth.  Dietz et al. showed the decomposition of NH3 at atmospheric pressure to take 
place above 600 ºC, with complete decomposition at 800 ºC.[97]  This is one reason that 
typical GaN growth temperatures are much higher than typical GaAs growth temperatures. 
Another issue with MOCVD growth of GaN is the lack of a lattice-matched substrate, 
necessitating growth on substrates such as sapphire and SiC, which have a large thermal and 
lattice mismatch with GaN.  Growth processes on these substrates must address the lattice 
and thermal mismatch as well as material quality, leading to more complex nucleation 
processes and buffer layers. 
An in-situ reflectivity curve showing a typical GaN growth process on sapphire is shown 
in Figure 3.3.  The substrate is first annealed under H2 ambient at high temperature.  Typical 
GaN growth on sapphire involves growth of a thin (20-30 nm) low-temperature (~520 ºC)  
GaN layer and annealing of that layer to recrystallize it.  The reflectivity curve drops 






















Figure 3.2: Temperature-dependent decomposition 










Figure 3.3: In-site reflectivity measured during the growth of a 
standard 2µm-thick GaN template on sapphire. 
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three-dimensional growth mode ensues, often with a much higher V/III ratio than the final 
GaN layer to promote lateral growth.  The islands formed during nucleation begin to 
coalesce during this three-dimensional growth, leading to recovery of the surface and return 
to a two-dimensional, step-flow growth for the final GaN layer.  The final GaN layer is 
grown at a substrate temperature of ~1020 ºC with a growth rate of ~2 µm/hr. 
Doping is another issue that must be addressed in MOCVD growth, and p-type doping 
is particularly difficult in GaN.  Intrinsic defects in GaN are donor-like defects (VN and Gai), 
leading to intrinsically n-type material when undoped.  Undoped GaN typically has an n-type 
free carrier concentration on the order of 1016cm-3.  This intrinsic concentration must be 
overcome in order to p-dope the material.  Another issue with p-type doping is that Mg – 
the common p-type dopant in GaN – often incorporates during growth as a Mg-H complex, 
which is also a donor-type defect.  A subsequent annealing step in a hydrogen-free 
environment is needed to remove the hydrogen and activate the Mg as an acceptor.  
MOCVD growth of InxGa1-xN requires a much higher V/III ratio and much lower 
substrate temperatures.  The higher V/III ratio is necessary because of the much higher 
equilibrium vapor pressure of nitrogen over InN.  Indium incorporation into these films is 
controlled by the substrate temperature, with lower substrate temperatures leading to more 
indium content.  Above a substrate temperature of ~800 ºC, almost no indium is 
incorporated into the film. 
The MOCVD growth system used in this work is an EMCORE D-125 GaN growth 
system, Figure 3.4.  It is a vertical injection, rotating disk reactor with a short jar 
configuration.  Dual injector blocks allow for separation of incompatible precursors before 
injection.  H2 is typically used as the carrier gas, but the system also has the capability to flow 









Figure 3.4: Modified EMCORE D-125 GaN MOCVD system used in this work. 
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ensure that no impurities enter the reactor from the atmosphere.  TMGa and NH3 were used 
as the gallium and nitrogen precursors, respectively, with TMIn and TMAl as the precursors 
for indium and aluminum, respectively.  Silicon was used as the n-type dopant, with SiH4 as 
the precursor, and bis-cyclopentadienyl magnesium (Cp2Mg) was used as the Mg precursor 
for p-type doping.  Mg activation was done in a rapid thermal annealer (RTA) in N2 at 800 
ºC for 4 minutes.   
3.2.2 ALD Growth 
 Atomic layer deposition (ALD) allows for finer control over the growth surface and 
growth rate.  ALD-grown thin films are deposited one atomic layer at a time by pulsing the 
precursors through the reactor.  This pulsing scheme allows for much finer control over 
layer thickness and uniformity, making the growth of very thin layers much more 
controllable than in MOCVD growth.  However, it introduces a slightly different perspective 
on pyrolysis and adsorption of precursors.   
In order to ensure proper deposition of each atomic layer, the precursor atoms must 
adsorb onto the surface until Θ = 1.  Also, the precursors must not be completely pyrolized, 
or a metallic layer will result due to the extremely low vapor pressure of metal elements such 
as gallium and aluminum.  Partially pyrolyzed precursors allow for the transport of the group 
III atom in the gas phase and subsequent desorption of products after the group III atom 
adsorbs onto the surface.  The most common method to ensure incomplete decomposition 
is the use of low temperatures and low pressures.  At sufficiently low temperatures, most 
metalorganic molecules are only partially decomposed, and low growth pressures reduce the 
possibility of homogeneous reactions in the gas phase, ensuring that the reaction takes place 
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mostly on the growth surface.  At higher temperatures, however, the desorption rate can 
become high enough that it prevents the deposition of a complete atomic layer. [91] 
The films in this work were deposited in a temperature range of 100 ºC to 250 ºC using 
TMAl and water vapor as the aluminum and oxygen precursors, respectively.  Two custom-
built ALD systems were used to deposit Al2O3 thin films on both ZnO and silicon substrates.  
The reactor itself is a horizontal quartz tube reactor that is heated by a tube furnace.  
Nitrogen was used as the carrier gas.  The second system that was used in this work is a 
vertical injection system using the same precursors.  Film quality was found to be similar for 
the two systems. 
3.3 CHARACTERIZATION 
Semiconductor thin films and substrates exhibit several types of properties that must be 
studied to gain a clear picture of material quality and functionality in optoelectronic devices.  
The major properties pertaining to this work are structural, surface, optical, and electrical 
properties.  This section describes in detail the equipment and techniques used to study these 
properties. 
3.3.1 Structural Characterization 
The crystal lattice – a periodic arrangement of atoms with a regular spacing – is the 
structural basis of all semiconductor materials.  The lattice is described by the crystal 
structure (hexagonal, zinc-blende, etc.) and the lattice constant, which is the spacing between 
atoms.  The regular ordering of atoms in semiconductor materials allows for their structural 
properties to be investigated using various types of radiation incident on the surface.  The 
major techniques employed in this work have been X-ray diffraction (XRD) (and X-ray 
reflectivity (XRR), which is closely related), and Raman spectroscopy. 
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3.3.1.1 X-ray Diffraction (XRD) 
 XRD is the use of short-wavelength radiation (X-rays) to probe the structural properties 
of a material.   The diffraction of X-rays from a crystal can be described by Bragg’s law: 
 2 sinn dλ θ= ⋅  (3.11) 
where n is an integer, λ is the X-ray wavelength, and d is the spacing between atoms.  This 
relationship states that, for a given X-ray wavelength, the angle at which X-rays are diffracted 
is determined by the atomic spacing d, as illustrated in Figure 3.5.  Because the exact atomic 
spacing is unique to a material, XRD can be used to identify unknown materials by 
comparing the spectrum of the unknown sample to that of a known standard.  XRD can 
also be used to extract such information as strain, grain size, and defect density. 
 The periodicity of a crystal provides multiple reflection planes for XRD, and the Bragg 
angle of each of these reflections is determined by the atomic spacing of the atoms and the 
orientation of the reflection plane.  The relationship of the Bragg angle to the reflection 
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 (3.12) 
λ is the X-ray wavelength; h, k, and l are the Miller indices describing the reflection plane and 
a and c are the lattice constants.  The (002) reflection is commonly taken as a measure of 
crystal quality in c-plane GaN, as the (002) reflection plane is perpendicular to the growth 
axis, allowing probing of the c lattice constant and providing a good gauge of crystal 
orientation and quality.  Determination of the a lattice constant in hexagonal materials must 
be done using an off-axis reflection such as the (102) reflection.   
 The linewidth of the diffraction peak can also be taken as a measure of overall crystal 











the various contributions to line broadening in XRD. The method developed by Williamson 
and Hall in 1953 [98] can be used to calculate dislocation density from the Bragg angle and 
linewidth of the diffraction peak.  The Williamson-Hall plot is made by plotting the product 
of the linewidth and sin(θ)/λ versus sin(θ)/λ (where θ is the Bragg angle and λ is the X-ray 
wavelength) for sequential reflections in a material, such as the (002), (004), and (006).  The 
coherence length, tilt and twist angles, and dislocation density can be calculated from this 
plot, providing valuable structural information about the materials being investigated. [99] 
 In this work, XRD was performed with a Philips X’Pert Pro MRD diffractometer using 
a ¼° slit on both the incident and diffracted beam optics, unless otherwise indicated.  The 
same system was used for XRR measurements, as the necessary equipment is very similar. 
3.3.1.2 X-ray Reflectivity (XRR) 
The refractive index of a material at X-ray wavelengths is often less than unity, and can 
be expressed as 
 1n iδ β= − −  (3.13) 
where δ and β are material-specific dispersion and absorption coefficients, respectively.  This 
implies total external reflection for low angles less than a certain critical angle.  For thin films 
and multilayered structures, reflections from the multiple interfaces lead to interference 
fringes that are observable beyond the critical angle.  The frequency and intensity of these 
oscillations can provide information about the interfacial roughness and density of the film.  
XRR is the observation of these phenomena to provide a clearer picture of the properties of 
very thin films.  The technique is useful in determining thickness, roughness, mass density, 
and electron density profile of very thin (<100 nm) films.   
 The XRR pattern of multilayered thin film structures can also be modeled using a 
method developed by Parratt in 1954 [100].  The Nevot-Croce approximation also allows for 
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the incorporation of interfacial roughness into this model.[101].  In this work, XRR was used 
to determine the thickness of thin films deposited on both ZnO and silicon substrates. 
3.3.1.3 Raman Spectroscopy 
 The elastic scattering of light by matter is known as Rayleigh scattering, while inelastic 
scattering of light by matter is known as Raman scattering.  In Raman scattering, the energy 
of the scattered light either increases (anti-Stokes scattering) or decreases (Stokes scattering) 
relative to the incident laser radiation so that the energy shift of the scattered light can be 
measured.[102]  The Stokes and anti-Stokes shifts are symmetric about the Rayleigh band, 
and only certain values of the shift are allowed for a specific crystal.  These values 
correspond to rotational and vibrational modes of molecules in the material, and are referred 
to as phonon modes.  Raman spectroscopy is a non-destructive technique that allows for the 
investigation of such phonon modes and their relation to crystal structure and point defects 
by measuring the Stokes (or anti-Stokes) shift in a certain material. 
 Six optical phonon modes are expected in hexagonal wurtzite crystals, Figure 3.6.  Of 
these, four are Raman-active, with the B1(low) and B1(high) being ‘silent’. Which mode or 
combination of modes is visible in the Raman spectrum, however, also depends on the 
geometry of the measurement, described using Porto notation.  An example of Porto 
notation is z(x.y)-z.  In this example, z refers to the direction of the incident light, and -z 
refers to the direction of the scattered light.  Polarization of the incident and scattered light 
is described in parentheses, with x referring to the polarization of incident light and y 
referring to the polarization of the collected (scattered) light.  In this work, the z-axis is taken 





Figure 3.6: Raman vibrational modes in a wurtzite crystal.  The B1 modes are 
‘silent’ in Raman spectroscopy. 
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 The most common features in the unpolarized Raman spectrum of hexagonal GaN are 
the E2 and A1 modes.  The E2(high) mode is commonly used to investigate strain, as it shifts 
with compressive or tensile strain in the material to higher or lower wavenumbers, 
respectively.  The A1(LO) mode can be used as a gauge of free carrier concentration, as 
coupling of free carriers to this mode causes broadening with increasing carrier 
concentration.  The A1(LO) mode is also sensitive to angular dispersion, and can be useful in 
determining the orientation of the crystal relative to the optical axis.[103] Local vibrational 
modes due to impurities and point defects can also be observed via Raman spectroscopy, 
providing insight into the ways in which impurities incorporate into the material and the 
effects of these impurities on crystal quality. [102,104] 
 A Renishaw micro-Raman system with a 488 nm Ar-ion laser has been used in this work.  
All measurements were taken in the backscattering configuration at room temperature, 
unless otherwise indicated.   
3.3.2 Surface Characterization 
Surface characterization is also very important for thin film growth.  The surface 
morphology of a semiconductor thin film is indicative of the mechanisms involved in 
growth.  Surface morphology can also be very instructive in determining the abruptness of 
interfaces in superlattice and multiple quantum well structures.  Many different microscopy 
techniques are available to characterize semiconductor surfaces.  The three used in this work 
are atomic force microscopy (AFM), scanning electron microscopy (SEM), and transmission 




3.3.2.1 Atomic Force Microscopy (AFM) 
 An AFM consists of a very small cantilever with a probe on the end. A laser is often 
used to measure the deflection of the probe.  This is done by shining a laser on the probe tip 
and measuring the deflection using a photodiode array.  As the probe is scanned over the 
sample surface, surface features cause it to deflect the laser light.  The amount of deflection 
observed by the photodiode array gives an indication of the deflection of the probe tip, and, 
therefore, the surface morphology.  An image of the surface can be obtained by scanning the 
probe tip in both the x and y axes and using the resulting data points to create a map of the 
surface.  Piezoelectric crystals are often used to scan the tip in the x, y, and z directions. 
 Many different types of forces can be at work between the probe tip and the sample 
surface, however.  Two scanning modes exist to deal with different types of samples and 
different types of surface forces: contact mode and non-contact mode.  Contact mode is, of 
course, used when the sample is in contact with the surface.  In contact mode, the tip 
deflection is measured and directly related to the surface morphology.  Probe tips for contact 
mode AFM scans are often more flexible than their non-contact counterparts.  This is 
because of noise introduced by the measurement of the static tip deflection. 
 Non-contact mode can be used for imaging surfaces that are slightly rougher and may 
risk damaging the cantilever in contact mode.  In non-contact mode, the probe tip is held a 
few nanometers above the surface and oscillated at a frequency slightly higher than the 
resonant frequency.  Van der Waals forces extending up to 10 nm above the surface cause a 
shift in the resonant frequency, which causes a decrease in the amplitude of the tip 
oscillations.  At each data point, the probe tip is adjusted in the z-direction to maintain a 
specific frequency.  The shift in the z-direction is directly related to the surface morphology, 
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so this shift can be used to create a map of the sample surface. PSIA XE-100 atomic 
force microscope was used in this work. 
3.3.2.2 Scanning Electron Microscopy (SEM) 
 A sample, such as a thin film, can be imaged using a beam of high energy electrons 
incident on the sample.  Such a beam produces several different types of interactions 
between the sample and the electrons, including transmitted electrons, secondary electrons, 
and backscattered electrons.  A scanning electron microscope scans this high-energy beam of 
electrons across a sample surface in a raster fashion, detecting electrons of various types, 
depending on the image desired.  SEM images produce a good depth of field, and are quite 
useful in studying the microstructure of a thin film surface.  Incident electrons can also 
produce X-rays with a wavelength that is characteristic of the sample composition.  
Measuring the relative intensities of these X-rays to determine composition of a sample 
surface is known as energy-dispersive X-ray spectroscopy (EDS).   
3.3.2.3 Transmission Electron Microscopy (TEM) 
 Transmission electron microscopy (TEM) involves the transmission of a beam of 
electrons through a very thin sample.  The interaction of the electrons with the sample 
produces a pattern that allow for imaging of thin samples at very high magnifications.  
Electrons can be transmitted directly through the sample, absorbed, or diffracted.  The 
pattern of diffracted electrons can be useful in determining crystal structure and quality, and 
the absorption of electrons can help to create contrast in both bright-field and dark-field 
TEM images.  TEM is a very powerful technique for studying the crystal quality of thin 
layers and interfaces because of the high resolution it offers. 
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3.3.3 Optical Characterization 
Careful examination of the optical properties of semiconductors can yield a wealth of 
information about overall material quality, strain, impurities, and native defects.  The 
temperature dependence of these properties can also yield information about the energy 
level of impurities.  One of the most common methods of investigating optical properties in 
semiconductors is photoluminescence (PL) spectroscopy.  PL was employed in this work, 
along with optical transmission, to study the optical properties of the GaN layers on both 
ZnO and silicon. 
3.3.3.1 Photoluminescence Spectroscopy (PL) 
 Photoluminescence is the process by which a material absorbs photons of one 
wavelength and emits photons of another wavelength.  Absorption of energy from the 
photoexcitation source excites electrons to higher energy states.  These electrons then return 
to their ground state via a radiative recombination mechanism, emitting a photon in the 
process.  Photoluminescence is distinguished from other types of luminescence by 
photoexcitation.  Photoluminescence spectroscopy is the study of these radiative 
recombination mechanisms in materials.  In semiconductor materials, PL spectroscopy is 
used to study many properties including the bandgap energy, electronic defects, strain, and 
general optical quality of the material. 
 The near-bandgap emission is often the most prominent feature in the PL spectrum of a 
semiconductor material taken with above bandgap excitation.  However, PL also shows 
radiative transitions involving impurities and electronic defects in the material.  Typical 
radiative transitions observable in the PL spectra of wide bandgap semiconductors include 
near-bandedge transitions, transitions to(from) defect levels from(to) the bandedge, and 
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donor-acceptor pair transitions.  The energy of such transitions is useful in determining 
defect levels in semiconductors. 
 Features in a PL spectrum can be studied more closely by varying both the temperature 
and excitation power.  The dependence of the bandgap on temperature is often given by the 
Varshni relation in Equation (3.14) [105]: 
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where α and β are material-specific constants.  The intensity of the near bandedge 
luminescence also decreases significantly with increasing temperature, while the linewidth 
increases.  The increased linewidth is due to thermal broadening of the near bandedge 
emission.   
 The dependence of PL features on excitation power can also provide insight into the 
origin of the peaks.  A change in intensity with excitation power can be indicative of 
recombination lifetime, and some defect-related peaks with long lifetimes tend to saturate in 
intensity at very low excitation power.  A shift of peak position with excitation power has 
been observed in some defect-related peaks as well, though the mechanisms vary.[106] 
 PL spectra were taken with two different experimental setups in this work.  A 325 nm 
Melles-Griot He-Cd laser with an Acton Spectra Pro 2300i monochromator and PIXIS 100 
CCD camera was used for temperature-dependent measurements.  A 238 nm pulsed Ne-Cu 
laser with a CVI monochromator and a Hamamatsu photomultiplier tube (PMT) was used 
for room temperature measurements. 
3.3.3.2 Optical Transmission 
 Another useful technique to examine the optical properties of a material is optical 
transmission.  Both GaN and ZnO are transparent throughout the visible spectrum, allowing 
light of a lower energy than the bandgap to pass through the material.  Examining the 
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percent transmission as a function of wavelength can give information about the bandedge 
as well as electronic defects that are not visible in PL spectra. 
 Defects are often visible in a transmission spectrum as an absorption band that causes a 
drop in the transmission signal below the bandgap energy.  Optical transmission also 
provides information about intra-atomic transitions, such as d-d transitions in transition 
metals, and d-f transitions in rare earth elements. [107]  These measurements require a 
smooth surface on both top and bottom of the film, however, as a rough surface will scatter 
the transmitted light and decrease signal intensity significantly. 
 Optical transmission measurements were done using a broadband source and a 
spectrometer to measure the intensity of transmitted light at each wavelength. 
3.3.4 Electrical Characterization 
Electrical characterization techniques yield information about the free carrier 
concentration as well as conductivity and resistivity of the material.  This information is 
useful in determining impurity levels and overall material quality, as some key impurities in 
GaN, such as oxygen (a shallow donor), contribute to conduction.  Thus, in addition to 
providing crucial electrical information, electrical characterization techniques, when properly 
interpreted, also provide information regarding impurity levels and overall material quality. 
3.3.4.1 Hall Effect Measurement 
 The Hall effect is observable when a magnetic field is applied perpendicular to the flow 
of current in a semiconductor bar, deflecting the path of the carriers.  In a right-handed 
coordinate system, if the magnetic field is applied in the z direction, and current flows in the 
x direction, then the force experienced by the carriers is given as  
 ( v )
y y x z
F q= −E B  (3.15) 
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where Ey is the electric field in the y direction, vx is carrier velocity in the x direction, and Bz 
is the magnetic field applied in the z direction.  The result of Equation (3.15) is that carriers 
will experience a net force in the –y direction unless an electric field equal in magnitude to 
vxBz is created to compensate.  The shift of the carriers along the y-axis, however, creates 
this compensating electric field and allows the carriers to maintain the x-axis as their overall 
direction.[108] 
 The compensating electric field that is generated by the Hall effect is proportional to the 
product of magnetic flux density and current density.  The proportionality constant is known 
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where po is the carrier density.  Thus, for a known current and magnetic field, the free carrier 
concentration can be calculated by measuring the induced voltage across the sample.  Other 
information, including the resistivity, conductivity, and carrier mobility, can be determined 
using the Hall effect as well. 
 The Hall effect was measured in this work using a Lakeshore HMS3000 Hall effect 
measurement system with a 0.51 T applied field.  Samples were cut to 1 cm x 1 cm for the 
measurements. 
3.3.4.2 Secondary Ion Mass Spectrometry (SIMS) 
 While SIMS is not specifically an electrical characterization technique, it provides 
information on the types and concentrations of impurities in samples.  A primary ion beam 
is used to sputter away material from the sample surface, producing secondary ions.  These 
secondary ions are then separated by a mass spectrometer to determine the elemental 
composition of the sample.  SIMS can provide information on the molecular and elemental 
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composition of a sample as well as the specific isotopes present for a given element.  The 
absolute concentration of impurities can only be determined if the results are compared to 
those of a known standard, however.  Ion-implanted samples for which the concentration 
profile is well-known are typically used as standards. 
 Typical ions used for SIMS include Ar+, O-, and Cs+.  The type of ion used determines 
the elements to which SIMS is sensitive.  In this work, O- and Cs+ beams were used to detect 
positive and negative ions, respectively.  O- ions typically enhance the concentration of 
positive ions, while Cs+ ions typically enhance the concentration of negative ions.  As the ion 
beam sputters material away from the surface, the surface being analyzed moves deeper into 
the material.  Thus, SIMS can provide a depth profile for concentrations of elements in 
semiconductors.   
 The sensitivity of SIMS is different for each element, however, and it depends on several 
factors.  The first is the ionization efficiency, or the efficiency with which the primary ion 
beam ionizes atoms of a given element.  Different elements have different ionization 
efficiencies.  Sensitivity also depends on the background impurities present in the vacuum 
system, and on their concentrations.  For example, the sensitivity for such elements as 
nitrogen and oxygen is limited by the background concentration of these elements in the 
system, as these elements are typically present in trace amounts in vacuum systems. 
 SIMS was used in this work to determine the concentration of typical impurities in GaN, 
including oxygen and carbon.  The diffusion profile of zinc and oxygen into the GaN layer 
was also studied in order to gain a better understanding of interdiffusion at the GaN/ZnO 
interface.   
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3.3.5 Device Characterization 
There are two main aspects to the characterization of LEDs.  The first aspect is the 
electrical properties of the device.  This includes measurement of I-V curves and series 
resistance.  The second aspect is the measurement of optical properties, i.e. spectrum and 
total output power.  Device efficiency can be determined by correlating electrical and optical 
properties of LEDs.  This section describes the details of these measurements as well as the 
information that can be obtained from them. 
3.3.5.1 Current-Voltage (I-V) Measurement 
 The most fundamental property of a diode is its I-V characteristics. The I-V curve is 
what identifies the device as a diode.  A semiconductor diode consists of a p-n junction, and 
current flow through the device is controlled by the voltage across the junction. 
There are two types of current in a p-n junction: drift and diffusion.  Electrons and holes 
diffuse across the junction due to the steep concentration gradients at the junction.  This 
diffusion of carriers, however, leads to the formation of a space-charge region consisting of 
uncompensated donors and acceptors.  The uncompensated charge near the interface leads 
to an electric field pointing from the n-region toward the p-region.  This electric field 
induces a drift current that, at equilibrium, exactly cancels the diffusion current.   
 Applying a voltage so that the p-region is at a positive potential with respect to the n-
region reduces the electric field across the junction. This reduction in electric field makes the 
diffusion of carriers across the junction more likely by an exponential factor that is 
dependent on the forward voltage.  Thus, the total current through the junction with 
forward bias applied is the total diffusion current minus the total drift current.  This 
relationship can be expressed as  
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where I0 is the absolute value of the drift current, q is electronic charge, V is the voltage 
across the junction, and k is Boltzmann’s constant.[109]  The series resistance – a measure of 
the on resistance of the device – can also be calculated from the I-V curve.  
 The current-voltage characteristics of a device are key to understanding the mechanisms 
at work in the device as well as determining its usefulness in a given application.  A Keithley 
2420 sourcemeter was used in this work to evaluate the I-V characteristics of the devices.  
3.3.5.2 Electroluminescence (EL) 
Light is generated in an LED by regeneration of carriers in the active region of the 
device.  The color of light is determined by the bandgap energy, Eg, of the semiconductor 
material. More precisely, when an electron is excited into the conduction band and then 
recombines with a hole in the valence, it loses the energy difference, Eg, in the form of a 
photon. 
Electrons in the conduction band follow a Boltzmann distribution with an average 
kinetic energy of kT.  Near the conduction band edge, the density of electrons per unit 
energy is also limited by the electron density of states.  This energy distribution also holds 
true for holes in the valence band.  Recombination of these electrons and holes leads to an 
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where I(E) is the emission intensity as a function of energy.[109]  A homojunction LED in 
which the emitted light is equal to or slightly above the bandgap of the material, however, 
suffers from reabsorption in the bulk, degrading efficiency.  One solution to this problem is 
the use of quantum wells in the active region, as in InxGa1-xN/GaN multiple quantum well 
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LEDs. Quantum well structures in the active region of LEDs typically emit light at an 
energy lower than the bandgap of the surrounding material, suppressing reabsorption in the 
surrounding layers and increasing the amount of light extracted from the device. 
 InxGa1-xN/GaN multiple quantum well LEDs were grown in this work. The EL 
properties were measured using a Keithley 2420 sourcemeter, OL-770 spectrometer, and IS-
670 integrating sphere from Optronic Laboratories. 
3.3.5.3 Optical Power Measurements 
 Total light output from an LED is of great importance in solid state lighting applications.  
The ratio of optical power emitted from an LED to electrical power consumed by the LED 
is known as the external quantum efficiency (EQE).  EQE is the product of the light 
extraction efficiency and internal quantum efficiency (IQE), which is the ratio of photons 
generated in the active region of the LED to electrons injected into the active region.  These 
quantities – optical power,  EQE, and IQE – are used to describe the efficiency of an LED.  
The measurements in this work were taken using the Keithley sourcemeter and Optronic 
Laboratories equipment described above. 
3.4 DEVICE PROCESSING 
A standard process for fabrication of GaN-based LEDs was used in this work.  The end 
result of the process is a wafer with vertically-emitting devices that are 350µm on each side, 
Figure 3.7.  The exact steps of the process are as follows: 
1) Annealing for p-GaN activation 
2) Metal deposition for current spreading layer 
3) Annealing current spreading layer 






Figure 3.7: Typical LED structure used in this work. P-type 
contacts are the large circles, and n-type contacts are the smaller 
circles.  Each device is 350µm on a side. 
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5) Etch – removal of current spreading layer 
6) Hard bake to cure photoresist 
7) Dry etch to define mesa 
8) Removal of baked photoresist 
9) Transfer of p-type contact pattern 
10) Deposition of p-type contact metal 
11) Lift-off of p-type contact metal 
12) Transfer of n-type contact pattern  
13) Deposition of n-type contact metal 
14) Lift-off of n-type contact metal 
The major steps involved in this process are annealing, photolithography, etching, and metal 
deposition.  Each of these steps will discussed in more detail in the following sections. 
3.4.1 Annealing 
 Activation of the Mg acceptors in GaN is required for reliable p-type material.  This is 
due to the formation of Mg-H donor complexes during growth.  Annealing in a nitrogen 
atmosphere drives out the hydrogen and activates the Mg as an acceptor in GaN.  In this 
work, p-GaN activation was done in an RTA system at 800 °C for 4 minutes under N2 
ambient.  The current spreading layer was also annealed at 500 °C for 2 minutes in an RTA 
under atmospheric ambient.  The presence of oxygen allows for oxidation of the Ni-Au layer, 
forming NiO, which provides a better ohmic contact to p-type GaN. 
3.4.2 Photolithography 
 Patterns are transferred to the wafer using photolithography.  A thin layer of photoresist 
is applied to the wafer by spinning at 2500 rpm for 30 seconds.  Two layers of photoresist 
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are typically used in this process.  The photoresist is then cured by baking it at 100 °C for 
one and a half minutes.  Next, a mask is used to expose the photoresist with the desired 
pattern, and  another bake is performed.  Finally, the photoresist is developed in AZ-400K 
developer, leaving the desired pattern on the wafer. 
3.4.3 Etching 
 Two types of etching are involved in the LED fabrication process: wet etching and dry 
etching.  Wet etching is used to remove the Ni-Au layer deposited for the current spreading 
layer.  Potassium iodide is used as the etchant in this process. 
 Dry etching is also performed to create the mesa pattern.  Dry etching of GaN is done 
using chlorine gas in a reactive ion etching (RIE) system.  The chlorine ions incident on the 
surface etch both the GaN and the photoresist.  However, as the photoresist is thicker than 
the desired etch depth, the areas covered with photoresist are protected from etching.  The 
percentage of chlorine ions incident on the sidewalls is also very low, leading to a high 
degree of anisotropy. 
3.4.4 Metal Deposition 
 Metal contacts are deposited using electron beam evaporation.  A focused electron beam 
is used to heat the metal charge until it evaporates at a controlled rate.  The evaporated metal 
is then deposited on the patterned wafer. The metal source is placed inside a crucible in a 
vacuum chamber.  The patterned wafer is then placed in the chamber with the patterned side 
facing the metal charge.  This method allows for deposition of metals such as aluminum, 
titanium, nickel, and gold, all of which are common contact metals for GaN-based LEDs.   
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3.5 SUMMARY 
 This chapter summarizes the growth, characterization, and processing techniques used in 
this work as well as the equipment for each of the techniques.  MOCVD growth was used in 
this work because of its flexibility and its applicability to commercial processes.  The 
structural, optical, surface, and electrical properties of the thin films were investigated. GaN-
based materials were grown and characterized, and GaN-based LEDs were fabricated and 
studied, using the methods described herein. 
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CHAPTER 4: MOCVD GROWTH OF GaN AND InxGa1-xN ON ZnO 
 
An MOCVD growth process was developed for GaN growth on ZnO.  Initial 
investigations identified the key issues, and further refinement of the process yielded GaN 
thin films on ZnO.  This chapter discusses results of the initial investigations into MOCVD 
growth of GaN on ZnO, and the properties of initial GaN and InxGa1-xN layers grown on 
ZnO. 
4.1 INITIAL CHALLENGES 
 An initial study was done to identify the key materials- and growth-related issues facing 
MOCVD growth of GaN on ZnO. The major issues identified in these early investigations 
were the instability of the ZnO substrate in a hydrogen atmosphere, and the diffusivity of 
Zn and O into the GaN layer, degrading both interface and thin film quality.  A process was 
developed to address both of these issues and yield high quality GaN on ZnO.   
The ZnO substrates used in this study were grown using a modified bulk crystal melt 
growth.  The boule creates its own crucible, therefore allowing for contamination-free 
growth.  Two inch wafers are available with this growth method, and samples show an etch 
pit density of 104/cm2.  The aim is to replicate the low etch pit density in the ZnO substrate 
into the GaN film.   
4.1.1 Reactivity of ZnO in H2 
The first step in the development process was to investigate the stability of the ZnO 
substrate in a hydrogen atmosphere. Taken together, the hydrogen carrier gas and the 
overpressure of the Group V precursor (NH3) required for high quality GaN by MOCVD 
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provide a significant amount of hydrogen to the growth surface, and a substrate that is 
unstable in a hydrogen atmosphere will prove problematic for MOCVD growth of GaN.   
4.1.1.1 Carrier Gases 
 Hydrogen is typically used in GaN growth because it leads to higher material quality, 
though the exact reasons for this are still under investigation.  It has been found that H2 
carrier gas is beneficial to the surface morphology, structural quality, and electrical properties 
of GaN thin films relative to those grown with N2. [94,110]  It has been proposed that H2 
back-etching of the LT-GaN nucleation layer results in larger islands and a longer 
coalescence time compared to N2.  The longer coalescence time and larger islands lead to 
smaller edge dislocation densities in the GaN layer. [110]  






 ratio.  
Increasing the ratio led to a rough surface and a decrease in structural quality of the material, 
while using pure H2 led to a mirror-like surface morphology.  They attribute this change in 
surface morphology to a decrease in diffusion length of the reactants on the growth surface 
caused by the increased gas density near the interface with increasing nitrogen. [94] 
As an initial study of the stability of ZnO in H2, ZnO substrates were exposed to H2 at 
typical GaN growth temperatures, and the etch rate was measured.  Figure 4.1 shows the 
temperature dependence of the ZnO etch rate in H2.  The dependence of the etch rate in H2 
on reciprocal temperature shows an Arrhenius dependence with a calculated activation 
energy of 63 meV.  An extrapolation to lower growth temperatures (~600 °C) suggests that 
the ZnO substrate is still unstable at relatively low growth temperatures, necessitating the 
development of a near H2-free approach to GaN growth on ZnO.  Such an approach can be 
















Figure 4.1: Etch rate of ZnO in a hydrogen atmosphere.  A typical GaN growth 
temperature is marked for reference. 
 

































carrier gas in this work because of the reactivity of ZnO with hydrogen at elevated 
temperatures.  
4.1.1.2 Nitrogen Precursors 
 Ammonia (NH3) is the most common nitrogen precursor used in MOCVD growth of 
GaN.  The large amount of hydrogen that is delivered to the growth surface upon 
breakdown of NH3, however, may lead to degradation of the ZnO substrate.  Specifically, 
ZnO substrates etch very quickly under typical GaN growth conditions, which involve high 
NH3 flow rates (~6-8 slm) and high growth temperatures (~1020 ºC).   
Dimethylhydrazine (DHMy) was investigated as a nitrogen source for this reason, since it 
decomposes around 500 ºC.[43]  The low decomposition temperature should allow for GaN 
growth at much lower temperatures compared to GaN growth using NH3, which 
decomposes at much higher temperatures compared to DMHy.  In fact, DMHy has been 
used in low-temperature GaN growth with good results. [43]  In this work, DMHy was used 
as a nitrogen precursor with growth temperatures varying from 550 ºC to 950 ºC.  Figure 4.2 
shows an XRD 2q-w scan of the (0002) reflection a GaN layer grown on ZnO using DMHy 
as the nitrogen precursor.  The GaN (0002) reflection is visible on the high angle side of the 
ZnO peak, though it is relatively weak.  There are several reasons for the low crystal quality 
in the films grown using DMHy.  The first is that the low growth temperature may not allow 
for sufficient diffusion of adatoms on the growth surface.  The second reason is the high 
carbon content in the films compared to GaN layers using NH3 as a precursor. 
At typical V/III ratios (>>1), carbon incorporation was a significant problem.  A drop 
in V/III ratio reduced carbon incorporation significantly, though carbon content was still 






Figure 4.2: XRD pattern of GaN grown on ZnO using DMHy as a nitrogen 
precursor.  The shoulder on the high angle side is due to the GaN (002) reflection. 
 

























detrimental effect on optical quality of the material, as no bandedge emission was observable 
in layers grown using DMHy. 
Tertiary butylhydrazine (TBHy) was also investigated as a nitrogen precursor with similar 
results.  The carbon content in films grown using metalorganic nitrogen precursors was too 
high to make the films useful for devices applications.  Clearly, reaction kinetics change 
when changing precursors, and the optimum reactor geometry for growth with NH3 may be 
dissimilar to that for growth with DMHy or TBHy.  While other researchers have reported 
growth of GaN on ZnO using DMHy [43], the most promising nitrogen precursor for GaN 
growth on ZnO in this system is NH3, and NH3 was used for the rest of the work on ZnO. 
4.1.2 Diffusion 
Zinc diffusion has been a problem in other semiconductor systems, including the 
AlAs/GaAs system, and MOCVD growth of GaN on ZnO is no different, owing to the 
high growth temperatures. [111]  An initial study of Zn diffusion was done in order to 
determine its effects on the optical and structural properties of the GaN epilayers. 
4.1.2.1 Zinc and Oxygen Diffusion into GaN 
A baseline sample was grown with a low temperature GaN layer of ~20 nm, and then 
increased in temperature up to ~750 °C for the main GaN layer. This low growth 
temperature was used for the main GaN layer because of the instability of ZnO in a 
hydrogen atmosphere at typical GaN growth temperatures, as mentioned previously.  The 
low growth temperature decreases NH3 cracking efficiency, thus decreasing the amount of 
hydrogen delivered to the growth surface, allowing the nucleation and growth of a GaN thin 
film on ZnO without degrading the substrate surface prior to growth.  It can also provide a 
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clear picture of the effects of zinc and oxygen diffusion into GaN, even at relatively low 
growth temperatures.   
Figure 4.3(a) shows XRD data from a 2Θ−ω scan of the (002) reflection of a GaN layer 
on ZnO, where the linewidth of the GaN peak is 211.8 arcsec.  Omega scans of the (002) 
reflections were very broad, however, indicating poor crystal quality and a high defect 
density.  Raman spectroscopy was used to gain deeper insight into the crystal structure of 
these films, Figure 4.3(b).  The absence of a clear E2(high) mode suggests poor crystal quality 
in the GaN layer.  The only GaN mode that is visible is the mode near 732 cm-1.  This is 
considered to be the A1(LO) mode, and it is shifted from its unstrained position to lower 
wavenumbers.  Though the reason for this shift is unclear, it may be an indication of tilt or 
twist in the GaN layer, as the A1(LO) mode is sensitive to angular dispersion as well as to 
biaxial strain. [103] 
RT-PL measurements show a strong ZnO bandedge, as expected, and a relatively weak 
GaN bandedge, Figure 4.4.  The GaN bandedge luminescence is reduced most likely due to 
diffusion of Zn and O impurities into the GaN layer.  Reabsorption by the ZnO substrate 
may also contribute to the low luminescence signal observed from the GaN layer.   
The origin of the defect peak near 700 nm also remains unclear, though there are several 
possibilities.  First, it may be due to the formation of a second phase at the GaN/ZnO 
interface.  Zn3N2 has a much lower bandgap than GaN, and the incorporation of high zinc 
levels into GaN may result in the formation of a ZnxNy phase near the interface that emits at 
a much lower energy than the GaN layer. However, no macroscopic second phase was 
observable via XRD, which showed only hexagonal GaN. It would be expected that the 
formation of a ZnxNy second phase near the interface might lead to cubic GaN, or at least to  
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Figure 4.3: (a)XRD pattern of GaN grown on ZnO using 
NH3 as a nitrogen precursor. (b) Unpolarized Raman spectrum 
of the same sample. 
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mixed-phase GaN, as Zn3N2 is a cubic material.  However, the hexagonal GaN layer 
suggests that no cubic phase forms at the GaN/ZnO interface. 
Second, the feature near 700 nm may be related to the band offset between GaN and 
ZnO.  It has been shown that the average band offset at the GaN/ZnO interface is ~2 eV, 
depending on polarity and surface treatment.[85,86]  A transition from the ZnO conduction 
band minimum to the GaN valence band maximum near the interface would lead to 
emission in this region.  The Type II band offset, with both the conduction and valence 
bands of GaN being higher than those of ZnO, may also cause electrons that are excited in 
the GaN layer to move toward the ZnO substrate.  This would lead to a high concentration 
of electrons at the ZnO conduction band minimum and a high concentration of holes near 
the GaN valence band maximum, making this transition likely.  This is not the case, however, 
as removal of the ZnO substrate results only in an increase in intensity of this peak.  Clear 
observation of this peak after the substrate is removed suggests that the feature near 700 nm 
is due to the GaN layer itself. 
The third – and most likely – origin of this feature is the presence of high levels of zinc 
in the GaN layer.  Several different peaks have been observed in GaN doped with high 
levels of zinc, with the highest zinc doping levels leading to defect-related peaks near 1.9 eV 
and 2.3 eV.  The different peak positions have been attributed to different charge states of 
zinc. [106]  Thus, the observation of this peak is taken as evidence of zinc diffusion into the 
GaN layer.   
SIMS was performed in order to study impurity concentrations in LT-GaN on ZnO and 
to investigate the diffusion of both zinc and oxygen into GaN, Figure 4.5.  The GaN/ZnO 
interface is marked in the figure, and these results clearly show diffusion of both zinc and 















Figure 4.5: SIMS depth profile of a GaN layer on ZnO showing zinc, oxygen, and 
carbon impurity concentrations. 
 












































































High impurity levels are observed for both zinc (~5x1019 cm-3) and oxygen (~5x1021 cm-3) in 
the GaN layer.  These high impurity levels are a clear indication that the major challenge 
with GaN growth on ZnO is suppression of diffusion from the substrate. Alternative 
techniques must be developed in order to suppress out-diffusion from the substrate and 
grow high quality GaN on ZnO. 
4.2 INXGA1-XN GROWTH ON ZNO 
 InxGa1-xN growth was investigated on ZnO because of both the lattice match with ZnO 
and the lower growth temperatures relative to typical GaN growth.  Structural and optical 
properties were investigated as well as impurity concentrations in the epilayers. 
4.2.1 Structural Properties 
 The first InxGa1-xN thin films were grown on ZnO by developing a process on sapphire 
for In.18Ga.82N and transferring that to ZnO.  No nucleation layer or buffer layer was used in 
order to take full advantage of the lattice matched substrate.  NH3 flow was lowered relative 
to the growth process on sapphire because of the reactivity of ZnO in hydrogen, as 
discussed previously.  It was found that NH3 flows typical of InxGa1-xN on sapphire (~12.5 
slm in this growth system) etched the surface of the ZnO so that little or no growth took 
place. Under these conditions, phase separation was observed on ZnO.  Two separate InN 
phases – the (002) and (102) reflections – were observed via XRD, Figure 4.6. Surface 
roughness was also an issue when growing lattice-matched In.18Ga.82N directly on sapphire, 
as the surface began to deteriorate beyond a thickness of about 100 nm. 
  A LT-GaN layer was introduced as the first step in the growth process, similar to 
GaN growth on sapphire, to improve roughness of the growth surface.  Normal-incidence 



















Figure 4.6: XRD 2θ-ω scans of InGaN epilayers grown with and without 
a LT-GaN nucleation layer. 
 


























growth, as less deterioration in the intensity of reflected light was observed during the course 
of growth.  XRD, however, showed the formation of a second phase – InN (002) – despite 
the use of the LT-GaN nucleation layer. However, the formation of the InN (102) phase was 
suppressed, Figure 4.6.  The indium content in the layer using LT-GaN was also increased 
over the layer that was grown directly on ZnO, as evidenced by the shift of the InxGa1-xN 
(002) peak to lower angles.  The reason for this shift is not clear, however. 
The formation of InN-related second phases during growth on ZnO may be related to 
the decrease in NH3 flow, which leads to a lower V/III ratio.  Typical V/III ratios for 
InxGa1-xN growth are much higher than those for GaN, owing to the large difference in 
equilibrium vapor pressure between indium and nitrogen. [91] 
Because of the detrimental effects of a lower V/III ratio on InxGa1-xN quality on ZnO, 
the NH3 flow was increased to conditions typical of GaN growth on sapphire.  An interlayer 
with a low V/III ratio was inserted above the LT-GaN nucleation layer in order to ensure 
proper substrate coverage.  This approach led to a single-phase InxGa1-xN layer, as observed 
via XRD, Figure 4.7. 
A comparison of the growth conditions that led to the growth of single-phase InxGa1-xN 
on both sapphire and ZnO helps to determine some of the differences introduced by the 
ZnO substrate.  The NH3 flow was the same for both substrates, being held constant at 12.5 
slm.  While the total Group III flow rate was similar for both conditions – between 15 and 




ratio changed significantly.  The ratio on sapphire was 0.5076, 
with TMIn flow rate of 8.319 µmol/min and a TEGa flow rate of 8.07 µmol/min.  However, 
the ratio on ZnO was 0.3958, with a TMIn flow rate of 6.024 µmol/min and a TMGa flow 















Figure 4.7: XRD 2θ-ω scan of a single-phase InGaN thin film grown on 
ZnO(0002). 
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flow to obtain single-phase InxGa1-xN on ZnO substrates suggests that indium incorporates 
more easily when growing on ZnO.  This conclusion is also supported by the observation 
that typical GaN growth conditions on sapphire lead to phase-separated material on ZnO.  
The reason for this increased incorporation is unclear, though, and may be related to the 
difference in strain state of the epilayer, which has been shown to affect indium 
incorporation.[112] 
Structural properties of both the GaN and InxGa1-xN epilayers on ZnO were investigated 
more closely using Raman spectroscopy.  Raman scattering spectra from wurtzite crystals 
typically show two prominent modes: the E2 and the A1(LO).  These modes appear in GaN 
near 567 cm-1 (E2(high)) and near 735 cm
-1 (A1(LO)).  Raman spectra taken from both GaN 
and InxGa1-xN layers on ZnO are shown in Figure 4.8.  The features near 332cm
-1 and 437 
cm-1 are related to a second-order phonon in ZnO and the ZnO E2(high) mode, respectively.  
Noticeably absent from the spectrum of the GaN epilayer is the E2(high), with only a slight 
shoulder appearing between 565 cm-1 and 570 cm-1.   
The most prominent GaN-related feature in the Raman spectra is the peak near 705 cm-1 
in the InxGa1-xN layer and near 730 cm
-1 in the GaN layer, which is attributed to the GaN 
A1(LO) mode. The absence of the E2(high), coupled with the slight shift from the literature 
value of 735 cm-1, however, suggests that further investigation is necessary to ensure this 
assignment. 
Polarized Raman spectra were taken in the backscattering configuration in order to 
further investigate the modes observed in the unpolarized spectra.  The polarized Raman 
spectra for the InxGa1-xN layer on ZnO, taken under crossed polarization and parallel 
polarization configurations, are shown in Figure 4.9.  The intensity of the mode decreases 






































Figure 4.8: Raman scattering spectra of GaN and InGaN 
layers grown on ZnO substrates. 
 


















































Figure 4.9: Polarized Raman spectra from a thick InxGa1-xN 




expected of the GaN A1(LO) mode, and confirms the assignment made previously. [103]  
The fact that the A1(LO) mode is still visible under the crossed polarization configuration 
suggests a relaxation of the Raman selection rules, most likely due to poor crystal quality in 
the material. 
The A1(LO) mode is also observed to shift from its theoretical position of 735 cm
-1 to 
lower wavenumbers for the GaN layer on ZnO.  Two phenomena can cause a shift in the 
position of the A1(LO) mode: strain and angular dispersion.  As a shift of ~6 cm
-1 is 
relatively large to attribute to tensile strain in the material, the most likely cause for this shift 
is angular dispersion, which is also suggestive of a lack of crystal quality in these initial GaN 
and InxGa1-xN thin films grown on ZnO. 
4.2.2 Optical Properties 
Optical properties of the InxGa1-xN layers on ZnO were studied using RT-PL 
spectroscopy.  RT-PL spectra taken from InxGa1-xN layers on ZnO both with and without a 
LT-GaN nucleation layer are shown in Figure 4.10.  The difference in bandedge emission 
suggests a higher indium content in the layer grown using a LT-GaN nucleation layer.  The 
reason for this higher content remains unclear; however, it may be related to a difference in 
strain state of the two layers.  As the GaN lattice constant is slightly smaller than that of 
ZnO, GaN will be under tensile strain when grown on ZnO.  This tensile strain may lead to 
a incorporation of more indium in the layer.  A similar effect was observed for GaN thin 
films on silicon in this work, and will be discussed in Chapter 8. 
4.2.3 Impurity Diffusion 
 Impurity diffusion into MOCVD-grown InxGa1-xN epilayers on ZnO was studied using 
SIMS.  Zinc and oxygen concentrations as a function of depth are shown in Figure 4.11.   
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Figure 4.10: RT-PL spectra of GaN thin films grown on ZnO substrates both with 















































































Figure 4.11: SIMS depth profile of a thin InGaN layer on ZnO. 
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The figure also shows carbon concentration, which increases significantly in the LT-GaN 
nucleation layer.  The ZnO substrates were cleaned in acetone for three minutes and then in 
methanol for three minutes, and then rinsed with de-ionized water.  The cleaning in 
methanol is intended to remove any carbon residue from the acetone.   
 The reason for the significant increase in impurity concentration near the surface is 
unclear; however, the concentration is taken from a depth of ~40 nm in this work.  The 
possibility of an increase in concentration near the surface will be investigated further in 
Chapter 6.  While the zinc and oxygen concentrations are similar for the GaN and InxGa1-xN 
epilayers, the concentrations are slightly higher in the InxGa1-xN layer compared to the GaN 
layer.  A comparison of the In-N and Ga-N bond strengths shows that the In-N bond is 
weaker, perhaps allowing diffusion to proceed more rapidly than in pure GaN. 
4.3 GROWTH ON ZNO/SAPPHIRE TEMPLATES 
 ZnO thin films on sapphire were investigated as an alternative to bulk, single crystal 
ZnO substrates.  An MOCVD process for the growth of ZnO thin films on sapphire was 
developed to yield ZnO thin films that are both consistent and uniform. [82]One µm-thick 
ZnO thin films were deposited on sapphire as substrates for subsequent nitride MOCVD 
growth.  InxGa1-xN thin films were grown on these ZnO/sapphire substrates alongside bulk 
ZnO.  However, surface roughness was much higher (>20 nm) on the ZnO/sapphire 
templates, and this is most likely due to the fact that the roughness of the ZnO thin film 
itself (~10 nm) was much higher than that of the single crystal substrates.  No GaN (0002) 
peak was observable via XRD on the ZnO/sapphire templates, though a blueshift was 
observed in the RT-PL spectra relative to the same layers grown on bulk ZnO.  The reason 
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for this blueshift remains unclear, however, and the poor structural quality of the layers on 
ZnO/sapphire templates prevented the further development of this process. 
4.4 SUMMARY 
 GaN and InxGa1-xN epilayers have been grown by MOCVD on ZnO (0001) substrates, 
and the major issues with GaN growth on ZnO have been identified.  The first major issue 
is the reactivity of the substrate with hydrogen, and the second is diffusion of zinc and 
oxygen from the substrate into the GaN layer.  Alternative nitrogen precursors were 
investigated in this work, including DMHy; however, carbon incorporation from these 
precursors was much too high for the material to prove useful in devices.  Therefore, NH3 
was identified as the most favorable nitrogen precursor, and methods were developed to 
prevent hydrogen etching of the substrate due to decomposition of NH3.   
SIMS was also used to investigate both zinc and oxygen concentrations in GaN and 
InxGa1-xN layers on ZnO.  Regardless of the mechanisms of diffusion, it is clear that the 
impurity concentrations in these materials are too high to be useful in device applications, 
and methods must be investigated to suppress this diffusion.  In order to suppress the 
diffusion, an understanding of the mechanisms involved is also necessary.  These 
mechanisms, and methods to suppress them, will be investigated in the next chapter. 
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CHAPTER 5: DIFFUSION BLOCKING 
 
 Diffusion of zinc and oxygen into the GaN layer is the major issue with GaN growth on 
ZnO.  This chapter outlines general principles of diffusion in semiconductors and discusses 
results of different approaches that were investigated to suppress diffusion from the ZnO 
substrate into the GaN layer. 
5.1 FERMI LEVEL PINNING 
Diffusion of impurities in semiconductors is mediated by point defects, and a clear 
understanding of point defect formation in nitrides is necessary to understand diffusion 
mechanisms in these materials.  Zinc diffusion, in particular, has been investigated in other 
III-V systems, such as the AlAs – GaAs system, with an eye toward suppressing unwanted 
diffusion.  Fermi level pinning turns out to play an important role in zinc diffusion in GaAs, 
and this section discusses that role as well as the role that Fermi level pinning plays in GaN-
based materials and devices. 
5.1.1 Zinc Diffusion in AlAs – GaAs 
 While nitrides are different from arsenides in many fundamental respects, previous work 
done on zinc diffusion in GaAs provides some insight into the mechanisms at work in III-V 
semiconductors.  Zinc is a shallow acceptor in GaAs and thus an important dopant atom, 
and this importance fueled the investigation into zinc diffusion in GaAs over a decade ago.  
GaAs homoepitaxy is the most common, with high quality GaAs substrates readily available.  
Zinc doping in MOCVD-grown GaAs leads to zinc diffusion into the substrate. N-type 
GaAs substrates have also been used for epitaxial growth of p-type ZnSe, which also leads to 
zinc diffusion into the GaAs substrate.   
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 It is generally accepted that zinc diffuses in GaAs by a kick-out mechanism in which zinc 
diffuses as an interstitial atom and then replaces a gallium atom.[111,113]  This leads to the 
conclusion that zinc diffusion in GaAs is mediated by Gai.  [114-116] Zinc diffusion profiles 
in GaAs show a typical kink-and-tail profile that clearly shows two different 
regions.[113,117]  Tan suggests that the region from the kink to the diffusion front has in 
fact reached the solid solubility limit of gallium, with gallium precipitates forming because of 
the kick-out mechanism by which zinc diffuses. The region near the surface consists mainly 
of ZnS, with the replaced gallium atoms having diffused to the surface of the crystal.[114] 
Thus, regardless of ambient atmosphere, zinc diffusion into GaAs must first produce 
gallium-rich material.  In arsenic-rich ambient, the near-surface region can become arsenic-
rich, but the region near the diffusion front will remain gallium-rich because of the kick-out 
diffusion mechanism. 
 Zinc has also been shown to cause – and even enhance – disordering in AlAs – GaAs 
superlattices (SLs).[111]  Disordering of the SL takes place mainly in the zinc diffusion front 
region, where interstitital cations replaced by zinc atoms diffuse toward the surface, resulting 
in a disordered AlxGa1-xAs crystal.  This phenomenon is explained by the same mechanism 
just discussed for zinc diffusion in GaAs.  In both cases, an understanding of point defect 
formation and diffusion are crucial to understanding the mechanisms at work in zinc 
diffusion, and the same is the case for GaN-based materials. 
 Reichert et al. observed that the concentration of zinc in typical MOCVD-grown 
GaAs:Zn is supersaturated relative to the vapor, leading to point defect concentrations that 
are above the equilibrium values.  They explain the supersaturation of zinc in the solid 
relative to the vapor by suggesting that the Fermi level is pinned at the surface during growth, 
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and that as growth proceeds, the surface concentration, which is supersaturated, becomes 
the bulk concentration. 
5.1.2 Point Defect Formation in GaN 
 Native defects in MOCVD-grown GaN are typically donor-type defects, specifically 
nitrogen vacancies (VN) and gallium interstitials (Gai).  The most likely type of defect to form 
in GaN is the nitrogen vacancy, by energy formation considerations, Figure 5.1. [118] Figure 
5.1 shows calculated formation energies as a function of Fermi level for the six main intrinsic 
defects in GaN: vacancies, interstitials, and antisites for both cations and anions.  It can be 
seen from the figure that VN is the most likely type of defect to form under normal 
(undoped) growth conditions.  However, the VGa formation energy drops with increasing EF, 
corresponding to heavily n-type material. 
 Calculations of the migration barrier for each type of defect show that diffusion on the 
cation sublattice is most likely to be mediated by Gai in p-type GaN and by VGa in n-type 
GaN.  Diffusion on the nitrogen sublattice is most likely to be mediated by nitrogen 
vacancies.  Also, no anisotropy is to be expected for diffusion of native defects in GaN, as 
the lowest energy migration path moves both parallel and perpendicular to the c-axis in 
wurtzite GaN. [118] 
Fermi level pinning has been observed in GaN films at different energy levels.  Deep 
defect levels pinning the Fermi level at Ec – 0.6 eV are a common observation, though the 
origin of these defects is not clear at this time.[118,119]  Limpijumnong and Van de Walle 
attribute these defects to dangling bonds from gallium adatoms on the GaN surface. [118]  
They also calculate surface states at Ev + 1.7 eV that may pin the Fermi energy below its 





Figure 5.1: Calculated formation energies for various intrinsic 
defects in GaN. (from [118]) 
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formation of point defects in the material and the diffusion of impurities. Band bending has 
also been observed near the GaN surface due to this Fermi level pinning. 
Pinning of the Fermi level at the AlxGa1-xN/GaN interface is also a well-known 
phenomenon, and is used to create a two-dimensional electron gas (2DEG) at the interface 
in high electron mobility transistors (HEMTs).  Heikman et al. report the pinning of the 
Fermi level at 1.7 eV below the conduction band for an Al.32Ga.68N surface and at 0.9 – 1.0 
eV below the conduction band for a GaN surface.  This Fermi level pinning combines with 
band bending at the AlxGa1-xN/GaN interface to form the 2DEG that is an integral part of 
GaN-based HEMT devices.[120]  At a single AlxGa1-xN/GaN heterointerface, the density of 
the 2DEG is dependent on the AlxGa1-xN thickness, Figure 5.2.  Pinning of the Fermi level 
by surface and/or interface states in GaN is a common observation, and this work attempts 
to use this phenomenon to help suppress diffusion of zinc and oxygen from ZnO substrates 
into GaN thin films. 
5.1.3 Impurity Diffusion in GaN 
 Impurity diffusion in GaN is most often mediated by point defects.  The specific type of 
point defect that mediates diffusion of a given impurity is usually determined by the way in 
which that impurity incorporates into the lattice.  Magnesium, for example, incorporates on 
the gallium lattice, site, so gallium-related point defects – either vacancies or interstitials – 
govern magnesium diffusion.   
 Polyakov et al. showed that hydrogen diffusion in GaN is dependent on the Fermi level. 
Heavily p-doped material showed significantly more hydrogen diffusion in GaN compared 





Figure 5.2: 2DEG density as a function of AlGaN thickness at an 
AlGaN/GaN inteface. (from [120]) 
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detected.[121] Oxygen diffusivity in p-type GaN layers has also been studied, and it has been 
found that oxygen diffusion depth is strongly dependent on dislocation density as well.[122] 
 Formation of intrinsic defects in GaN is also doping-dependent, as nitrogen vacancies 
often form to self-compensate the crystal when doping with deep-level acceptors, such as 
Mn.  [104]  Formation of nitrogen vacancies has been shown to depend on doping, and can 
be suppressed by doping with silicon, which is a shallow donor in GaN, and the most 
common n-type dopant.  The factors involved in formation of native defects and the 
mediation of impurity diffusion by these defects must be taken into account when studying 
diffusion of impurities such as zinc and oxygen in GaN.  The next section describes 
investigations into suppression of both zinc and oxygen, taking into account the formation 
of native defects and the effects that these defects (and doping) have on Fermi level. 
5.2 ALN BUFFER LAYERS 
 LT-GaN buffer layers were used in the initial work to improve both GaN and InxGa1-xN 
crystal quality, though out-diffusion from the substrate remained a problem.  The bond 
strength for aluminum, gallium, and indium with nitrogen are shown in Table 5.1.  The 
increased Al-N bond strength relative to other Group III elements may help to prevent 
diffusion. For this reason, a first attempt to block zinc and oxygen diffusion was made using 
AlN buffer layers.  General growth parameters were investigated, and the effect of these 
parameters on subsequent material quality was also studied. 
5.2.1 Structural Properties 
 Typical AlN growth temperatures are relatively high (between 1050 °C and 1150 °C). 
However, the reactivity of the ZnO substrate with hydrogen hampers growth at these high 















Table 5.1: Bond strength for AlN, 





Aluminum 11.52 eV/atom 
Gallium 8.92 eV/atom 
Indium 7.72 eV/atom 
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Figure 5.3: (a) XRD 2θ-ω scan showing a shoulder on the 
high angle side of the ZnO (002), which is related to the GaN 
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Figure 5.4: Raman spectra of GaN thin films on ZnO grown 
using different V/III ratios. 
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layers were grown at temperatures ranging from 700 °C to 800 °C.  In this work, AlN buffer 
layers were grown under different conditions in order to study the effects of the buffer layer 
on strain and crystal quality in the subsequent GaN epilayer.  The V/III ratio was 
investigated first in order to determine optimal conditions for nucleation of AlN on ZnO.  
The V/III ratio was varied from 1200 to 4200. XRD data shows a shoulder on the high 
angle side of the ZnO peak, which is attributed to the GaN (0002) reflection, Figure 5.3. 
Raman spectroscopy was used to study the structural properties of the GaN films grown 
using AlN buffer layers on ZnO.  Figure 5.4 shows Raman spectra of GaN films grown 
under identical conditions on AlN buffer layers.  The AlN buffer layers were grown with 
different V/III ratios.  The V/III ratio was varied by holding the NH3 flow constant at 1 
SLM and varying the trimethyl aluminum (TMAl) flow.  Note that the GaN A1(LO) mode 
near 730cm-1 shifts to higher energies (toward the unstrained position at 735 cm-1) with 
increasing TMAl flow, suggesting less strain in the GaN layer with higher V/III ratio in the 
buffer layer.  A second mode near 667cm-1 also becomes more visible with increasing V/III 
ratio.  The origin of this mode is unclear, as it may be related to point defects in the GaN 
layer or to the crystallinity of the AlN buffer layer. The E1(TO) mode of AlN is located at 
669cm-1, though it is disallowed in the backscattering geometry.  The presence of this mode 
in the Raman spectra would indicate a relaxation of the selection rules and decreased crystal 
quality, as would be expected in a low-temperature buffer layer.  One noticeable feature in 
the Raman spectra of these samples is the absence of the GaN E2(high), located near 567cm
-
1.  One possible explanation for this is that the GaN layers are relatively thin compared to 
the excitation wavelength used in the Raman study (488 nm).  This may suppress absorption 
in the GaN layer and thus suppress the response of the GaN E2(high) mode in these samples.  
 108 
The absence of GaN (0002) peaks in XRD 2θ-ω and ω-scans suggests low long-range crystal 
quality, however. 
5.2.2 Optical Properties 
 Optical properties were studied in order to determine the optical quality of the GaN thin 
films and to study electronic defects in the material.  The RT-PL spectrum of a GaN thin 
film grown on ZnO using an AlN buffer layer is shown in Figure 5.5.  Three distinct features 
are clearly visible in the RT-PL spectrum of the layer on an AlN buffer layer.  The peak near 
3.42 eV is attributed to the near-bandedge emission of wurtzite GaN.  The peak near 3.27 
eV is attributed to the near-bandedge emission of the ZnO substrate.  The third, and most 
interesting, feature is at 3.08 eV.  While it is possible that this peak is due to zinc or oxygen 
in the GaN layer, no defect-related peaks have been reported for wurtzite GaN at this 
position.[106] The same is true of ZnO, as no defect-related peaks have been reported near 
3.08 eV.  A comparison of this spectrum to that of Figure 5.4, grown using a LT-GaN buffer 
layer, shows that the bandedge luminescence is significantly enhanced using the AlN buffer 
layer compared to the LT-GaN buffer layer.  The peak near 1.9 eV, which is very strong in 
the layer grown using a LT-GaN buffer layer, also vanishes when using AlN as a buffer layer.   
These observations lead to the conclusion that the peaks near 3.08 eV in Figure 5.5 and 
near 1.9 eV in Figure 5.4 are related to the ZnO-AlN and ZnO-GaN band offsets, 
respectively.  The transition near 3.08 eV is attributed to a radiative transition from the ZnO 
conduction band to the AlN valence band, and the transition near 1.9 eV is attributed to a 
radiative transition from the ZnO conduction band to the GaN valence band, Figures 6.6(a) 
and 6.6(b), respectively.  In the sample grown using a LT-GaN buffer layer, the Type II band 
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Figure 5.6: ZnO-AlN-GaN (top) and ZnO-GaN (bottom) 
band offsets calculated from PL data. 
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across the interface to the ZnO conduction band, which is at a lower energy than the GaN 
conduction band.  This also explains the relatively weak GaN bandedge luminescence 
observed in this sample.  The addition of the AlN buffer layer makes the movement of 
electrons across the interface less likely, thus maintaining a higher concentration of excited 
electrons in the GaN layer and significantly increasing the intensity of the GaN near-
bandedge luminescence.  This explanation fits with other calculations and experimental 
verification of the ZnO-GaN band offset [85,123].  The ZnO-AlN band offset is also within 
error of the value calculated by Veal et al. using XPS measurements [123].  While the AlN-
GaN conduction band offset necessitated by these measurements is slightly lower than what 
is reported, it is possible that zinc and oxygen diffusion lead to non-abrupt interfaces, 
causing slight difference between actual band offset and what is measured via these radiative 
transitions. 
While a comparison of the optical properties of GaN thin films on ZnO using both LT-
GaN and AlN buffer layers is useful in studying band offsets and defect formation in these 
materials, structural properties were not sufficient to warrant further investigation.  The lack 
of an improvement in structural quality with AlN buffer layers over LT-GaN buffer layers 
led to the investigation of other techniques to suppress diffusion and increase GaN material 
quality on ZnO. 
5.3 ALXGA1-XN/GAN SUPERLATTICES 
 AlxGa1-xN/GaN superlattices were also studied as a method to suppress zinc and oxygen 
diffusion into GaN and to increase crystal quality.  Similar structures have been used 
successfully in GaN growth on silicon to reduce strain and increase material quality.  The 
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possibility of controlling zinc and oxygen diffusion by pinning the Fermi level at the AlxGa1-
xN/GaN interface was also investigated in this work.  
5.3.1 Structural Properties 
 The first set of AlxGa1-xN/GaN samples were grown on sapphire in order to optimize 
growth conditions and provide a control against which to compare the GaN thin films on 
ZnO.  In this set of growths, three samples were grown on 2 µm GaN templates on sapphire 
substrates. The first sample was grown using H2-rich mixed carrier gas (H2:N2 = 5:1), while 
the second was grown using only N2 as carrier gas to match the requirement of growth on 
ZnO. The growth conditions of the third sample were identical to those of the second 
except that TMIn (5.7 µmol/min) was introduced in the reactor during AlxGa1-xN growth. 
Other growth conditions for the three samples were constant. Although the samples were 
grown at relatively low temperature (790 °C), a high crystalline structure of the superlattice 
was achieved after optimization of the growth conditions, as demonstrated by XRD. The 
2θ-ω XRD pattern of the sample grown in H2 and its simulated curve are shown in Figure 
5.7(a). As shown in this figure, the main diffraction peak is from the GaN template, and high 
orders (higher than 7) of superlattice-related satellite peaks are clearly observed from the 
XRD scan, attesting to the good periodicity and smoothness of the interfaces. The 
thicknesses of GaN and AlxGa1-xN in the superlattice are fitted to be 11.8nm and 12.0nm, 
respectively, with an Al fraction of x=0.24 in AlxGa1-xN layers. However, when the carrier 
gas was switched to N2, the interfacial quality of the superlattice deteriorated remarkably, as 
shown in Figure 5.7(b). The order of the satellite peaks is lower and intensities of the satellite 
peaks are much weaker compared to the sample grown using H2-rich carrier gas. This is 
because the carrier gas affects the diffusion length of the reactants. With increasing N2 ratio  
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Figure 5.7: (a) XRD rocking curve scan and simulated 
curve of AlGaN/GaN superlattice on GaN/sapphire.  (b) 
Rocking curve scans of AlGaN/GaN superlattices grown under 
different conditions on sapphire. 
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in the carrier gas, the density of gas molecules near the reaction interface increases, thereby 
decreasing the length of the mean free path of the reactant molecules. This leads to a rough 
GaN surface [124]. TMIn has been reported to enhance the lateral growth of GaN and 
improve the interfacial quality of AlN/GaN as a surfactant [94,125]. As shown in Figure 
5.7(b), clearer and stronger superlattice-related peaks are observed from the sample with 
additional TMIn flow compared to the sample without TMIn flow. To evaluate the In 
content in the AlGa(In)N epilayer, a 0.5µm-thick AlxGa1-xN layer was grown on undoped 
GaN using the same growth conditions as the AlxGa1-xN layer in the superlattice with TMIn 
flow. Energy Dispersive X-ray analysis (EDX) experimental results show that the indium 
content in the alloy is 0.8%. Thus, high quality AlxGa1-xN/GaN superlattices can be achieved 
using N2 carrier gas at relatively low growth temperatures, which are suitable for MOCVD 
growth of GaN on ZnO.  
    The growth process was subsequently transferred to ZnO (0001) substrates. Three 
samples were grown. For all cases, the growths were initiated with a 10 nm-thick GaN cover 
layer, which was deposited at 550, 770 and 820 °C for the three samples. The superlattice 
growth temperatures of the first two samples was 790°C, while it was increased to 840°C for 
the third sample.  
XRD 2θ-ω scans of the three samples grown on ZnO are shown in Figure 5.8. The main 
XRD diffraction peaks are from the ZnO substrate. The first sample with a 550 °C cover 
layer does not display clear superlattice-related peaks, while superlattice-related satellite peaks 
are observed in the second sample, with a higher temperature (770 °C) cover layer. When the 
growth temperatures of both GaN cover layer and superlattice are further increased (+50°C), 





Figure 5.8: XRD rocking curve scans of AlGaN/GaN superlattices grown on 
ZnO substrates at different temperatures.  Samples ZA, ZB, and ZC were grown at 
550, 770, and 820 °C, respectively. 
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high growth temperature can help to enhance the reactant mobility on the epilayer surface 
during growth, which can improve the crystalline quality and interfacial smoothness of the 
superlattice. However, it is also found that a high growth temperature will cause surface 
reactions. A diffraction peak at 37.4° was observed from the high-temperature sample, and 
can be identified as Ga2ZnO4, forming by the reaction between Ga and ZnO substrate at 
high growth temperature [126]. The growth temperature must be chosen with these two 
factors in mind, with too low a growth temperature leading to poor quality material and too 
high a temperature causing reactions at the GaN/ZnO interface and formation of the spinel 
Ga2ZnO4. 
5.3.2 Optical Properties 
The optical properties of these layers were studied in detail in order to better the 
electronic defects in the layers.  Figure 5.9 shows the RT-PL spectrum of a GaN epilayer 
grown on ZnO with an AlxGa1-xN/GaN superlattice buffer structure.  The figure shows 
Gaussian fits to both the ZnO and GaN bandedges.  Bandedge luminescence from the GaN 
layer is clearly observed at 3.41 eV, though it is not as strong as the ZnO bandedge.  This 
may be due to reabsorption of some of the emitted light in the ZnO substrate, as the GaN 
bandedge emission is at a higher energy than that of ZnO.  However, no significant shift is 
observed in the GaN bandedge, suggesting that there is little strain in the layer. 
5.3.3 Impurity Diffusion 
 Impurity concentrations (zinc, oxygen, and carbon) for the GaN thin films grown using 
AlxGa1-xN/GaN superlattices were measured via SIMS, Figure 5.10.  SIMS results still show 
relatively high zinc and oxygen concentrations for these films, despite the addition of the 













Figure 5.9: RT-PL of AlGaN/GaN samples grown on ZnO (0001) substrates.   









































































to aid in pinning the Fermi level was also attempted in order to reduce out-diffusion from 
the substrate, with similar results. 
5.4 INXGA1-XN/GAN MULTIPLE QUANTUM WELLS 
 InxGa1-xN/GaN multiple quantum well structures were investigated in order to suppress 
both zinc and oxygen diffusion by pinning the Fermi level at the interface and preventing 
diffusion of one or the other species.  Different quantum well thicknesses and growth 
treatments were studied, and their ultimate effect on structural and optical properties of 
subsequent GaN and InxGa1-xN thin films was investigated. 
5.4.1 Structural Properties 
 A basic structure was developed in order to study the effects of InxGa1-xN/GaN multiple 
quantum wells on zinc and oxygen diffusion.  The baseline structure of five InxGa1-xN/GaN 
multiple quantum wells was grown on a 2µm-thick GaN/sapphire template as a control 
before transferring the process to ZnO substrates.  XRD for the structure on a 
GaN/sapphire template grown at 740ºC shows clear satellite peaks, Figure 5.11.  Target 
thicknesses for the wells and barriers were 3 nm and 12 nm, respectively.  The process was 
then transferred to ZnO substrates to suppress outdiffusion from the susbstrate.  The 
structure used a thin LT-GaN nucleation layer (~30 nm grown at 530 °C) and a subsequent 
thin (~5 nm) InxGa1-xN (or GaN) buffer layer, Figure 5.12.  The number of quantum wells 
was also increased from five to ten.  Barriers were also doped with silicon, as this produces 
more abrupt interfaces and prevents intermixing of the well and barrier.  A 50 nm GaN cap 
layer was grown on top of the multiple quantum well structure as well.   
 Structural properties of this basic structure were investigated using XRD.  XRD results 
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Figure 5.13: XRD of multiple quantum well structure on ZnO. 
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6.13.  XRD also shows a shoulder on the right hand side of the ZnO peak from the GaN 
barriers.  However, no significant satellite peaks are observed, suggesting poor interfacial 
quality in the quantum wells.  The interface roughness and intermixing between barriers and 
wells may cause degradation of the MQWs.  It is also possible that the underlying LT-GaN 
and InxGa1-xN layers are too rought to provide a good surface for growth of the subsequent 
multiple quantum well structure, degrading both interfacial and optical quality. 
5.4.2 Optical Properties 
 RT-PL was used to study the optical properties of the multiple quantum well structures, 
and to study electronic defects in the material. The RT-PL spectrum of a 100 nm InxGa1-xN 
layer grown on top of the basic structure is shown in Figure 5.14.  The GaN and ZnO 
bandedges are relatively weak, as would be expected.  However, two clear InxGa1-xN-related 
peaks are observable at longer wavelengths.  The peaks near 415 nm and 440 nm are 
attributed to the InxGa1-xN/GaN multiple quantum well structure.  The shorter wavelength 
emission is due to the multiple quantum wells, while the longer wavelength emission is due 
to the the bulk InxGa1-xN layer on top of the basic structure.  The relative intensity of the 
InxGa1-xN-related emission peak suggests that the optical quality of the layer is improved 
over that of InxGa1-xN layers on ZnO with a simple LT-AlN or LT-GaN buffer layer.  
However, the lack of interface-related peaks in the XRD data still suggest degraded 
interfacial quality due to diffusion of zinc and oxygen into the multiple quantum well 
structure.  
5.5 ALD-GROWN AL2O3 INTERLAYERS 
 The final approach that was investigated to suppress diffusion of zinc and oxygen into 
the GaN layer was the use of an ALD-grown Al2O3 interlayer on the ZnO substrate.  These  
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Figure 5.14: RT-PL of an InGaN/GaN MQW structure on ZnO. 
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layers were grown using the custom-built ALD system described earlier and range in 
thickness from 2 nm to 100 nm.  This section describes results obtained from the study of 
these ALD-Al2O3 layers as interlayers for GaN growth on ZnO. 
5.5.1 Growth Parameters 
 The effect of various growth parameters on GaN thin films grown using ALD-Al2O3 
interlayers were studied first.  As mentioned previously, the NH3 flow for a typical GaN 
process on ZnO is slightly lower than the same process on sapphire because of the reactivity 
of the substrate with hydrogen.  This is especially true of InxGa1-xN growth, in which the 
lower vapor pressure of indium necessitates the use of the very high V/III ratios and, thus, 
very high NH3 flow rates.  The typical InxGa1-xN process on sapphire used in this work uses 
an NH3 flow of 12.5 slm, compared to ~7 slm on bare ZnO substrates.  An increase beyond 
~7 slm on ZnO causes surface roughening and etching of the substrate when growing on 
bare ZnO.  However, the addition of the ALD-Al2O3 layer sufficiently protects the substrate 
so that typical InxGa1-xN growth conditions on sapphire can be transferred to ZnO.  
Specifically, the ALD-Al2O3 interlayer allows for the use of typical NH3 flows (12.5 slm) in 
InxGa1-xN growth on ZnO.  However, no improvement in crystal quality of the InxGa1-xN 
layers was observed via XRD with the addition of the ALD-Al2O3 interlayer. 
 The previously studied AlxGa1-xN/GaN superlattices showed promise toward increasing 
both optical and structural quality of the GaN layers.  Thus, this structure was added to the 
ALD-Al2O3 layer in order to allow for growth under conditions that more closely match 
typical GaN growth conditions on sapphire. The structure of the first sample is shown in 
Figure 5.15(a).  It consists of a thin (20 nm) ALD-grown Al2O3 interlayer, two thin GaN 
buffer layers, a 4-period AlxGa1-xN/GaN superlattice, and a 1 µm-thick GaN layer grown 
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under typical GaN growth conditions on sapphire.  The AlxGa1-xN barriers were doped with 
silicon, and the GaN wells were doped with Mg in order to help pin the Fermi level at the 
AlxGa1-xN/GaN interface and suppress diffusion.  This sample was grown at a temperature 
of 750 °C and an NH3 flow of 8 slm.  A second sample, the structure of which is shown in 
Figure 5.15(b), was grown under identical conditions, but with a higher GaN growth 
temperature (970 °C).  In-situ reflectivity curves (not shown here) show that the surface 
roughness of the GaN layer, however, degrades as the growth proceeds.  This observation is 
also born out by AFM images, which show an RMS surface roughness of ~30 nm for the 
layer grown at 750 ºC and ~25 nm for the layer grown at 970 ºC.   
5.5.2 Impurity Diffusion 
 SIMS measurements were performed in order to investigate the zinc and oxygen 
concentrations in GaN thin films on ALD-Al2O3/ZnO substrates.  A relatively high 
concentration of both zinc and oxygen was observed in the GaN layers on ALD-Al2O3 using 
an AlxGa1-xN/GaN superlattice, Figure 5.16.  A concentration of 10
21 cm-3 zinc and 1021 cm-3 
oxygen was observed through the entire thickness of this sample.  The relatively constant 
impurity concentrations throughout the sample suggest that diffusion may not occur simply 
from the substrate through the layer, but that the substrate may also break down to some 
degree, leading to the presence of zinc and oxygen in the ambient.  This presence of both 
zinc and oxygen in the ambient near the growth surface may contribute to the high impurity 




















Figure 5.15: (a) Low-temperature GaN layer 
grown on AlGaN/GaN superlattice on 
Al2O3/ZnO. (b) High-temperature GaN layer 
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Figure 5.16: SIMS depth profile of a 1 um-thick GaN layer on 




 Several different approaches were attempted to suppress outdiffusion of both zinc and 
oxygen into the GaN epilayers.  GaN thin films on AlN buffer layers showed stronger 
bandedge emission, but structural quality was still poor.  The most promising approaches for 
suppression of diffusion into the GaN thin film was the use of AlxGa1-xN/GaN or InxGa1-
xN/GaN superlattice structures.  The AlxGa1-xN/GaN structures showed promise toward 
higher quality GaN on silicon because of the observation of the GaN near bandedge 
emission and the GaN (0002) reflection in the XRD patterns.  However, SIMS results show 
that zinc and oxygen concentrations remained high, despite attempts to dope the AlxGa1-xN 
and GaN layers and pin the Fermi level at the interface, suppressing diffusion. 
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CHAPTER 6: ATOMIC LAYER DEPOSITION OF Al2O3 ON Si 
 
Thin ALD-grown Al2O3 layers were used as an interlayer to grow GaN-based materials 
on Si.  The important properties – surface morphology and structural quality – of these 
layers were investigated to determine their suitability for MOCVD growth of subsequent 
GaN layers.  Annealing studies were also done to study crystallization of the layers. 
6.1 AS-GROWN FILMS 
 Details of the ALD growth process used in this work are given in Chapter 3.  The 
surface morphology of these layers was investigated first, using both AFM and SEM.  Plan-
view SEM images show a smooth, mirror-like surface, Figure 6.1  No pits or pinholes are 
observable in the Al2O3 surface in the SEM images.  AFM images also reveal a relatively 
smooth surface. 
Structural properties of the ALD-grown Al2O3 layers on Si(111) were studied using XRD.  
Samples ranging in thickness from 2 nm to 200 nm were investigated, and XRD scans of the 
as-deposited samples showed no peaks that could be attributed to the Al2O3 layer, indicating 
amorphous material.  The only clear diffraction peaks are those that are from the Si(111) and 
(222) reflections.  The absence of any diffraction peaks except the substrate suggests that the 
layer is amorphous.  Raman spectroscopy of thick Al2O3 layers on Si(111) showed no Al2O3-
related Raman modes, suggesting little or no short-range ordering and poor overall 
crystalline quality. 
Crystal structure of the layers is quite important for subsequent growth of nitride thin 











Figure 6.1: SEM image of the surface of an ALD-grown Al2O3 layer on Si(111). 
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Annealing studies were performed to study the crystallization of the Al2O3 layers and 
possibly to develop a process for crystallization before MOCVD growth. 
6.2 ANNEALING STUDIES 
 Ex-situ annealing studies were done using an MHI high temperature tube furnace under 
either N2 or air ambient.  Table 6.1 provides a summary of the ex-situ annealing conditions 
that were investigated.  Al2O3 thickness, annealing time, temperature, and atmosphere were 
varied in this study. 
6.2.1 Structural Properties 
Multiple crystalline phases were observed via XRD upon annealing, though the overall 
crystallinity of the Al2O3 layers remains low. Five different peaks that are attributable to the 
Al2O3 layer were observed in the XRD spectra, and the presence and behavior of each one 
depends on the layer thickness and annealing conditions.  Figure 6.2 shows XRD spectra 
from two Al2O3 layers (10 nm and 100 nm) that were annealed at 1300 °C for 90sec.  Peaks 
near 2θ = 22°, 2θ = 34°, and 2θ = 38° appear in both samples, and an additional two peaks 
near 2θ = 44° and 2θ = 82° appear in the 100 nm sample.  These last two peaks only appear 
in the XRD patterns of the thicker (>20 nm) samples, suggesting either increased crystal 
quality in these samples or formation of multiple phases. The two most significant peaks are 
the peak near 2θ = 34°, which is attributed to the Al2O3 (104) reflection, and the peak near 
2θ = 38°, which is attributed to the Al2O3 (110) reflection.  The dependence of the FWHM 
of these peaks on both thickness and annealing temperature was plotted, and a 3D surface 
was fit to the data points.  Figure 6.3(a) shows the dependence of the Al2O3 (104) peak on 
thickness and annealing temperature in air, and Figure 6.3(b) shows the same dependence, 
annealed in nitrogen.  Figure 6.3(c) and (d) represent the FWHM dependence of the Al2O3  
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Table 6.1: Summary of ex-situ annealing conditions for ALD-grown Al2O3 





Time (sec) Atmosphere 
10 1300 90 Air 
10 1100 30 N2 
10 1200 30 N2 
10 1200 90 Air 
10 1200 180 Air 
20 1100 30 N2 
20 1000 120 N2 
20 1100 120 N2 
20 1200 120 N2 
30 1100 30 N2 
30 1200 30 N2 
50 1200 90 Air 
50 1200 180 Air 
100 1300 90 Air 
100 1200 90 Air 
100 1200 180 Air 
100 1100 90 Air 
100 1100 180 Air 
100 1200 90 Air 
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Figure 6.3: Dependence of the XRD FWHM of the Al2O3 (104) peak on layer thickness and 
annealing temperature in air (a), and nitrogen (b).  Dependence of XRD FWHM of the Al2O3 (110) 
peak on layer thickness and annealing temperature in air (c), and nitrogen (d).  Note the sharp 
decrease in linewidth for thicker layers annealed at high temperatures in air. 
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(110) peak annealed in air and nitrogen, respectively.  The most interesting dependence is the 
Al2O3 (110) peak annealed in air, suggesting that thicker samples annealed at higher 
temperatures show a higher degree of crystallinity in the (110) reflection.  The difference 
between samples annealed in air and those annealed in nitrogen is most likely to due to the 
presence of oxygen at the surface when annealing in air.  This additional oxygen may allow 
for the formation of fewer point defects during annealing, leading to higher crystal quality 
compared to the samples annealed in N2.  Temperature-dependent Raman spectroscopy was 
used to study the short-range ordering of the Al2O3 layers during annealing.  No Al2O3-
related modes were observable at temperatures up to 1000°C, indicating little or no short 
range ordering and low crystal quality upon annealing up to 1000°C. 
However, surface morphology of these samples also changed significantly compared to 
both the as-grown layers and the thinner layers annealed at lower temperatures. 
6.2.2 Surface Morphology 
SEM images reveal more about the effects of heat treatment on the Al2O3 layers.  All as-
grown layers were quite smooth, with a mirror-like surface, and the thin layers (≤20 nm) 
showed relatively little change in surface morphology with annealing up to 1300 °C, Figure 
6.4.  Figure 6.4 shows SEM images of an as-grown 10 nm Al2O3 layer (Fig. 6.4(a)), and 10 
nm Al2O3 layers annealed for 30 seconds at 1100 °C (Fig. 6.4(b)) and 1200 °C (Fig. 6.4(c)).  
Figures 6.4(d)-(f) show the same Al2O3 films at higher magnification.  Relatively little change 
in surface morphology is observed with annealing. 
Significant changes were observed, however, for thicker samples, Figure 6.5.  Figures 
7.5(a)-(c) show 50 nm Al2O3 layers annealed for 90 seconds at 1000°C, 1100°C, and 1200°C, 




Figure 6.4: SEM images of the surface of a 10nm ALD-grown Al2O3 layer on Si(111). 
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Figure 6.5: SEM images of the surface of a 50nm ALD-grown Al2O3 layer on Si(111). 
1100C 90sec 1200C 90sec 1000C 90sec 






observable.  Figures 6.5(d)-(f) show the same samples at a higher magnification. The major 
change in surface morphology is the formation of pits in the Al2O3 surface.  Pit formation is 
observable at 1000 °C.  The pit size appears to have a bi-modal behavior, with the small pits 
ranging in diameter from ~8-12 µm and having a density of 3.56x104 cm-2.  The large pits 
have a diameter of ~30 µm and a density of 6.7x103 cm-2.  The dependence of pit density on 
annealing time and temperature will be discussed later in this section. 
Surface morphology changes again with an increase in annealing temperature.  The 
sample annealed at 1100 °C shows a higher pit density, at 1.25x105 cm-2, as well as a change 
in morphology of the pits, Figures 6.5(e) and (f).  Small bubbles form around the edges of 
the pits with higher annealing temperature, though the origin of these bubbles remains 
unclear at this time.  Also, the large pits with a ~30 µm diameter do not appear in the sample 
annealed at 1100 °C. The layer annealed at 1200 °C shows a surface morphology similar to 
that of the layer annealed at 1100 °C.  The pit density is also slightly higher, 1.70x105cm-2.  
Both the increase in pit density and the change in surface morphology with increasing 
annealing temperature suggest a degradation in the quality of the thicker Al2O3 layer.   
Pit formation was also observed in the 100 nm Al2O3 layers, though the pit density 
decreased compared to the 50 nm layers annealed under similar conditions, Figure 6.6.  
Figures 6.6(a)-(c) show 100 nm Al2O3 layers annealed under different conditions, while 
Figures 6.6(d)-(e) show the same samples at higher magnification.  Figures 6.6(c) and (f) 
show that annealing at a temperature of 1300 °C changes the surface morphology again.  
The pits formed at 1300 °C are much darker in color than those formed at lower 
temperatures, and may be a result of the bubble formation that is observed at lower 
temperatures.  
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Figure 6.6: SEM images of the surface of a 100nm ALD-grown Al2O3 layer on Si(111). 
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The surface composition was studied using EDS, Table 7.2.  The smooth area around 
the pit is the Al2O3 film, confirmed by the presence of both aluminum and oxygen on the 
surface, with a ratio of 59 at.% oxygen to 38 at.% aluminum.  The composition changes 
significantly inside the pit, however.  The bulk of the composition inside the pit is silicon, 
combined with a small amount of oxygen and virtually no aluminum. The smooth surface is 
Al2O3, while the circular pits are holes in the Al2O3 layer that extend all the way to the Si 
substrate.  Though the exact origin of these pits remains unclear, they are clearly more 
prevalent in the thicker Al2O3 layers and most likely have a significant effect on growth. 
The dependence of pit density on annealing temperature is plotted in Figure 6.7.  Two 
regions are visible in the plot.  The first region, at relatively low temperatures, shows an 
increase in pit density with increasing temperature, indicating a thermally activated process.  
Pit density is relatively independent of annealing temperature in the second region, at 
relatively high temperatures.    The observation of pit formation in the Al2O3 surface as 
opposed to cracking suggests that the change in surface morphology is not due to tensile 
strain induced by the large lattice and thermal mismatch between silicon and Al2O3, as is the 
case with GaN growth on silicon.   
A comparison of the 10 nm, 50 nm, and 100 nm layers annealed under similar conditions 
shows a significant change in surface morphology with increasing thickness and annealing 
temperature.  XRD results reveal an increase in crystallinity with these same annealing 
conditions, indicating that the change in surface morphology may be due to the change in 
structural properties of the films from amorphous to polycrystalline. The difference in 
thermal expansion coefficients between Al2O3 and silicon may lead to tensile strain in the 




Table 6.2: EDS data showing composition of pits in Al2O3 surface. 







































Figure 6.7: Arrhenius plot of pit density v. reciprocal temperature.  The 











formation by inducing strain in the Al2O3 layer, which has a significant lattice and thermal 
mismatch with the underlying silicon substrate.   
The degradation in surface morphology with annealing, however, can also be 
advantageous for GaN growth on silicon.  Both porous and patterned SiO2 and Si3N4 have 
been used as mask layers to promote nucleation and lateral growth of GaN islands on silicon 
substrates.[45,59,81]  These approaches provide for areas of defect-free GaN, and reduce the 
overall dislocation density in subsequent GaN layers. 
6.3 SUMMARY 
 Al2O3 thin films were grown by ALD to act as interlayers for GaN growth on Si.  As-
grown layers were amorphous, so annealing studies were done to investigate the 
crystallization of the Al2O3 layers at high temperatures.  XRD showed two main crystal 
orientations with annealing: the (110) reflection and the (104) reflection.  The thicker layers 
(≥50 nm) also showed a significant change in surface morphology with annealing, with pits 
forming in these layers.  The pit density increases linearly at relatively low annealing 
temperatures, and then appears to become nearly independent of annealing temperature at 
high temperatures.  Pits were not observed in the thin (≤20 nm) Al2O3, however.  For this 
reason, thin ALD-Al2O3 films were used in the work moving forward.  AFM images show a 
relatively smooth surface, and little change in surface morphology with increasing ALD-
Al2O3 thickness from 5 nm to 20 nm. 
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CHAPTER 7: MOCVD GROWTH OF GaN ON SILICON 
 
An MOCVD growth process was developed on bare silicon and then transferred to the 
ALD-Al2O3/Si substrates investigated in the previous chapter.  The oxide interlayer helps to 
reduce strain in the GaN layer and increase crystal quality, as evidenced by a reduction in 
both crack density (to < 1mm-2) and screw dislocation density (from 3x109cm-2 on bare 
silicon to 2x108cm-2 on ALD-Al2O3/Si).  The effects of oxide layer thickness on subsequent 
GaN properties were also studied to determine favorable ALD-Al2O3 properties for GaN 
growth.  The development of the MOCVD growth process on both bare silicon and ALD-
Al2O3/Si(111) is presented in this chapter. 
7.1 MOCVD GROWTH OF GAN ON SILICON 
 The major challenge for GaN growth on silicon is the tensile strain induced by the lattice 
and thermal mismatch between GaN and silicon, which often leads to cracking in the GaN 
epilayers.  Several approaches have been investigated to relieve this strain and prevent 
cracking. [22,48,127]  This section discusses the development of an MOCVD growth 
process for GaN on bare silicon substrates using both a simple HT-AlN buffer layer and 
LT-AlN interlayers.  This process will be used as a baseline for comparison of the samples 
grown on ALD-Al2O3/Si substrates. 
7.1.1 Buffer Layers 
MOCVD-grown GaN layers were first deposited on bare Si(111) substrates using a high-
temperature AlN (HT-AlN) buffer layer to provide a baseline from which to work when 
growing on the Al2O3/Si substrates.  The importance of AlN in GaN growth on Si has 
already been discussed, and the first step toward MOCVD growth in this work was to study 
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the AlN buffer layer quality and to determine favorable growth conditions for this layer.  
The growth temperature was fixed at ~1060 °C, as temperature effects on AlN growth are 
well-studied.  The V/III ratio, however, has a significant effect on AlN quality and is 
typically much lower than V/III ratios for GaN growth.  The growth pressure was held at 50 
torr, compared to the typical 200 torr for GaN growth.  The decreased growth pressure is 
needed when growing AlN because of the increased probability of homogeneous reactions 
in the gas phase.  The V/III ratio in this work was varied from 400 to 1200 to determine 
favorable conditions for high quality AlN growth.  Figure 7.1 shows the dependence of the 
AlN (0002) rocking curve FWHM on V/III ratio for 100nm AlN layers on Si(111).  
Insufficient nitrogen is available at the growth surface at low V/III ratios, resulting in low-
quality material.  The material quality also degrades at higher V/III ratios.  Based on XRD 
rocking curve scans of the AlN (0002) reflection, a V/III ratio of 824 was chosen for the 
work moving forward.  Figure 7.2 shows SEM images of the structure at various times 
during growth and under various conditions.  Figure 7.2(a) shows an SEM image of the 100 
nm HT-AlN layer grown on Si(111) with a V/III ratio of 824. A smooth surface – suitable 
for GaN growth – is observed at a relatively high magnification of 20Kx.   
GaN layers were first grown using the simple AlN buffer layer grown at ~1060 °C as 
described above. A 40 nm-thick low-temperature GaN (LT-GaN) interlayer was inserted on 
the AlN layer in order to relieve strain and increase crystal quality in the GaN layer, similar 
to GaN growth on sapphire.  However, the use of the LT-GaN interlayer led to poor crystal 
quality as observed by XRD, with a (0002) rocking curve linewidth of about 1200 arcsec.  
The linewidth of the near bandedge emission, however, was 37 meV, which is near the 
typical linewidth of ~30 meV for GaN on sapphire.  Figure 7.2(b) shows a plan-view image 
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Figure 7.2: SEM images of GaN layers on Si using AlN buffer layers at various stages of growth. 
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these pits extend through the entire thickness of the GaN epilayer.  The GaN surface is 
clearly unable to recover after 1µm of growth, and this may be due to the rough surface of 
the LT-GaN layer. 
A second sample was grown using a thinner (25nm) LT-GaN layer on the AlN buffer 
layer, and Figure 7.2(d) shows an SEM image of the surface.  It is clear that both the pit 
density and pit size are significantly reduced, though a few pits remain in the GaN surface.  
RT-PL also showed an improvement, with a decrease in linewidth to 30 meV, though XRD 
showed no improvement in structural quality compared to the sample with a 40nm LT-GaN 
layer. Also, both samples using LT-GaN interlayers exhibited cracking, suggesting that the 
use of the LT-GaN interlayer does not sufficiently alleviate tensile strain in the epilayer. 
The next step was to remove the LT-GaN interlayer completely and grow a high 
temperature GaN layer directly on the HT-AlN buffer layer.  Removal of the LT-GaN layer 
resulted in a marked increase in crystal quality.  An XRD ω-scan of the (002) reflection is 
shown in Figure 7.3(a) for a 1.5 µm-thick GaN layer grown at high temperature directly on a 
HT-AlN buffer layer.  Figure 7.3(b) shows a rocking curve scan of the GaN (102) reflection 
with a linewidth of 977.5 arcsec, suggesting that crystalline quality in the GaN layers on HT-
AlN is significantly improved over the GaN layers using a LT-GaN nucleation layer. 
RT-PL spectra of the GaN layers grown with a simple AlN buffer layer show a redshift 
in the bandedge luminescence, which is most likely due to tensile strain in the layers.  Figure 
7.4(a) shows a typical RT-PL spectrum taken from a GaN epilayer on Si.  The linewidth of 
the bandedge emission is 54.8meV.  The ratio of bandedge luminescence to yellow 
luminescence is also relatively low (BL/YL = 5.396) compared to GaN on sapphire, which 
may be an indication of a higher defect density in the layers on Si.  
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Figure 7.3: (a) GaN (002) rocking curve scan on HT-AlN/Si. (b) GaN (102) 
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Figure 7.4: (a) RT-PL spectrum of a GaN layer on silicon with simple HT-AlN 
buffer layer.  (b) AFM image of the a GaN layer on silicon with simple HT-AlN 
buffer layer. 
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Figure 7.4(b) shows an AFM image of the same layer with root mean square (RMS) surface 
roughness of 5.67 Å.  While the RMS roughness of these layers is relatively smooth, the 
sponge-like surface morphology is an indication that the growth does not proceed in a step-
flow-like manner.  This morphology may also be due to polarity of the films.  An Al seeding 
layer is used in the growth on Si before the AlN buffer layer, which may in turn lead to N-
polar GaN.  N-polar material is often reported to show a different (and rougher) surface 
morphology due to the higher density of dislocations terminating at the surface of the 
film.[128] Despite the good structural and optical quality of these layers, they remained 
cracked as a result of tensile strain.   
7.1.2 Si-doped GaN Layers 
All undoped GaN layers on bare Si exhibit cracks due to tensile strain induced by the 
thermal mismatch between GaN and silicon.  Si, however, is an antisurfactant in GaN 
growth, and has been shown to relieve strain in GaN on sapphire.[129]  For this reason, Si 
doping was also studied to determine its effect on strain and relaxation in GaN layers on Si 
substrates.  Figure 7.5(a) shows a 20x optical microscope image of an undoped GaN layer on 
Si, while Figure 7.5(b) shows a 20x optical microscope image of a Si-doped GaN layer on Si.  
Si doping leads to a significant decrease in crack density of the GaN layers, as seen in the 
figure.  This is due to the fact that Si acts as an antisurfactant, increasing surface tension and 
contributing to strain relaxation in the GaN layer.  
RT-PL spectra, not shown here, showed a redshift in the near bandedge emission due to 
tensile strain in the layers.  The silicon doping was unable to relieve the strain, and overall 






Figure 7.5: (a) 20x optical microscope image of an undoped GaN layer on bare 
Si.  (b) 20x optical microscope image of a Si-doped GaN layer on bare silicon. 
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the GaN (002) reflection.  For this reason, silicon doping to relieve strain was not further 
investigated. 
7.1.3 LT-AlN Interlayers 
GaN layers were also grown on Si using LT-AlN interlayers, as has been reported 
elsewhere. [23,67]  A relatively thin LT-AlN layer inserted into the GaN layer helps to relieve 
strain and increase crystal quality.  GaN crystal quality should also increase with an 
increasing number of LT-AlN interlayers.  In this work, three LT-AlN interlayers were used 
with a thickness of about 20 nm, essentially creating a GaN/AlN superlattice with GaN 
layers of about 100 nm.  The LT-AlN interlayers increased crystal quality compared to the 
GaN layers grown using a simple AlN buffer layer. 
7.1.3.1 Structural Properties 
 XRD scans of the (002) and (102) reflections of a GaN thin film grown on Si(111) using 
three HT-AlN interlayers are shown in Figures 7.6(a) and (b), respectively.  The linewidth of 
the (002) reflection is 436.8 arcsec, which is a significant improvement over the GaN layers 
grown on bare silicon with a simple HT-AlN buffer layer.  The linewidth of the (002) peak is 
related to the threading dislocation density in the film, and the decreased linewidth in the 
sample grown using multiple LT-AlN interlayers is an indication of a decrease in threading 
dislocation density [130].  The linewidth of the (102) reflection is related to edge dislocation 
density, and a reduction in edge dislocation density with the addition of LT-AlN interlayers 
(relative to the layers with a simple HT-AlN buffer layer) can be inferred from the decrease 
in the linewidth of the GaN (102) reflection as observed by XRD [99]. 
 Raman spectroscopy was used to study the structural properties of the GaN layers more 
closely.  The Raman spectrum of the sample grown using three LT-AlN interlayers is shown  
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Figure 7.6: XRD scans of the (002) (a) and (102) (b) reflections of a GaN 




in Figure 7.7.  The mode at 520 cm-1 is related to the silicon substrate. The best indication of 
overall crystal quality is the GaN E2(high), which is near 566 cm
-1 for this sample, compared 
to the unstrained position of 567 cm-1.  The slight shift to lower wavenumbers is an 
indication of tensile strain in the layers, though this strain is slightly less than that in the GaN 
layers with a simple HT-AlN buffer layer.  The linewidth of the E2(high) in this sample is 5.5 
cm-1, which is also suggestive of good crystalline quality in the GaN layers using LT-AlN 
interlayers.  The A1(LO) mode is near 733 cm
-1 and has a linewidth of 8.0 cm-1.  The strong 
A1(LO) mode is an indication of a low free carrier concentration in the material, as free 
carriers coupling with this mode tend to decrease its intensity with increasing carrier 
concentration. [103] 
 The results from both XRD and Raman spectroscopy studies of samples on LT-AlN 
interlayers show an improvement in structural quality of the material over GaN films grown 
on silicon using a simple HT-AlN buffer layer, as expected.  Further investigation was done 
to study both the optical properties and surface morphology of these samples in order to 
better understand the effects of the LT-AlN interlayers on the quality of the subsequent 
GaN layer. 
7.1.3.2 Optical Properties 
RT-PL measurements were performed to gain a better understanding of strain and 
electronic defects in the GaN layers.  RT-PL spectra show a strong GaN bandedge with a 
linewidth of 60.6 meV, though it is redshifted from the unstrained position of 3.42 eV, 
Figure 7.8(a).  The redshift is shown more clearly in 7.8(b), and is an indication of tensile 
strain in the epilayers.  The linewidth of the near bandedge emission is also slightly broader 
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Figure 7.7: Raman spectrum of a GaN thin film grown on silicon using LT-
AlN interlayers to relieve strain and increase crystal quality. 
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Figure 7.8: (a) RT-PL spectra of GaN layers on silicon using a simple HT-
AlN buffer layer, and LT-AlN interlayers. (b) Normalized spetra showing the 




The ratio of bandedge luminescence to yellow luminescence is ~5.5, which is lower than 
would be expected for GaN thin films on sapphire.  The reason for this is not clear, as it 
may be due either to a decrease in bandedge intensity or to an increase in yellow 
luminescence.   
The optical properties of this sample show an improvement over GaN on bare silicon.  
There is a need for further improvement, though, if similar quality to that of GaN on 
sapphire is to be achieved. 
7.1.3.3 Surface Morphology 
 A clear change in surface morphology was observed via AFM with the inclusion of LT-
AlN interlayers, Figure 7.9.  Figure 7.9(a) shows a 10 µm x 10 µm AFM image of the surface 
of a 2µm GaN template on sapphire.  A clear step-flow pattern is observable on the surface, 
as is typical of GaN growth on sapphire.  Figure 7.9(b) shows a 10 µm x 10 µm image of the 
surface of a GaN layer grown on bare silicon with a simple HT-AlN buffer layer.  Note the 
clear change in surface morphology from the GaN template on sapphire. No step-flow 
pattern is visible, and there are a number of small pits in the surface, which are most likely 
related to threading dislocations terminating at the GaN surface.  The RMS roughness of the 
layers also doubles from 4.5 Å on sapphire to 9.2 Å on silicon. 
 The inclusion of multiple LT-AlN interlayers, however, shows a significant improvement 
in both pit density – and therefore threading dislocation density – and in surface roughness, 
decreasing to ~4.0 Å in the GaN layer grown on multiple LT-AlN interlayers.  Thus, the 
surface roughness of GaN grown using LT-AlN interlayers is more similar to that of GaN 
templates on sapphire.  The surface morphology of the layer in Figure 7.9(c) also suggests 
that growth has shifted back toward a two-dimensional step-flow-like growth mode, more 
similar to GaN on sapphire.  The shift in surface morphology, together with the improved 
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Figure 7.9: AFM images of a GaN template on sapphire (a), a GaN thin film on silicon with a simple HT-AlN buffer layer (b), 
and a GaN thin film on silicon using LT-AlN interlayers (c). 
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surface roughness of the sample on LT-AlN interlayers, suggests an overall increase in 
material quality.  However, a few issues remain to be addressed, as the layers are still cracked, 
though the LT-AlN interlayers helped to suppress cracking.  The addition of the LT-AlN 
interlayers also complicates and lengthens the growth process, somewhat negating the cost 
advantage of using silicon as a substrate.  
7.1.4 Progress and Remaining Issues 
High quality GaN layers on bare Si are very important to gaining an understanding of 
GaN growth on Al2O3/Si.  This work has developed an MOCVD process that will 
consistently yield high quality GaN epilayers on bare Si(111) substrates.  Material quality still 
falls short of what is typically expected for GaN on sapphire.  Table 7.1 summarizes the 
structural and optical properties of GaN layers grown on bare Si using both a simple AlN 
buffer layer and LT-AlN interlayers. 
Two major issues remain to be solved if silicon substrates are to become a viable 
substrate option for GaN-based device technologies.  The first is cracking.  The layers 
remain cracked due to tensile strain induced in the epilayer by the thermal mismatch between 
GaN and Si.   
The second issue to be resolved is the complication of the growth process by 
introducing multiple interlayers and complex buffer layer structures.  This leads to both 
higher consumption rates of metalorganic precursors in each run and longer growth times, 
both of which increase the cost of production, offsetting the cost advantage of silicon 
substrates.  In this work, the use of the LT-AlN interlayers to relieve strain and improve 
material quality led to a 40% increase in TMGa consumption and a 39% increase in TMAl 
consumption.  The slower growth rates for AlN and the need to adjust temperatures  
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between LT-AlN interlayers and subsequent GaN layers also led to a 56% increase in growth 
time over the process using a simple HT-AlN buffer layer.  Despite the increase in material 
quality, the longer and more complicated process is more expensive, negating the cost 
advantage of silicon.  Device-quality material on silicon must be attained without adding 
additional cost from a longer and more complicated growth process in order to take full 
advantage of the cost and availability of large-area silicon substrates. 
ALD-grown Al2O3 layers have been introduced for this reason.  The use of the ALD 
layer will simplify the growth process while also allowing for the growth of device-quality 
GaN on silicon.  While growth parameters for high quality GaN on Al2O3/Si may deviate 
from those used for GaN on bare Si, the process development done in this section is crucial 
to gaining a clear understanding of the growth process of GaN on Al2O3/Si. 
7.2 MOCVD GROWTH OF GAN ON ALD-AL2O3/SILICON 
 An ALD-grown Al2O3 interlayer was inserted between the buffer layer and the substrate 
in order to help relieve strain in the GaN layer while simplifying the growth process at the 
same time.  This section discusses the addition of an Al2O3 interlayer to the silicon substrate, 
and its effects on the growth process.  The process for GaN on bare Si was used as a starting 
point for this development.  
7.2.1 Fundamental Growth Parameters 
 GaN layers were grown on Al2O3/Si substrates after the development of a GaN growth 
process on bare Si.  The first step taken in this work was the investigation of fundamental 
growth parameters and structures to lay a foundation for future work. Both LT-GaN and 
HT-AlN were investigated as buffer layers on the Al2O3/Si substrate.   
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7.2.1.1 Carrier Gas 
Effects of carrier gas on nitride layer growth were studied using both LT-GaN and HT-
AlN buffer layers.  Pure H2 and pure N2 were used as carrier gases, and carrier gas effects 
were further studied using an H2/N2 mixture.  Figure 7.10 shows the dependence of GaN 







.  These growths were completed on bare Si substrates and 20 nm as-
grown Al2O3/Si substrates simultaneously, with the carrier gas ratio varying only in the 
topmost GaN layer.  Hydrogen was used in the HT-AlN buffer layers and in the initial stages 
of GaN growth.  The trends for XRD linewidth on bare Si and Al2O3/Si are opposite, with 
structural quality decreasing on bare Si and increasing on Al2O3/Si with increasing H2 
percentage in the carrier gas. 
7.2.1.2 Temperature Ramp Time 
The use of the HT-AlN buffer layers on Al2O3, however, introduces another issue that 
stems from the fact that the AlN layer is grown at a very high temperature (~1060 °C).  Both 
the AlN growth temperature and ramp time affect the Al2O3 surface prior to growth.  The 
AlN growth temperature is set from previous work, leaving the ramp time as the parameter 
to be varied.  When the temperature ramp time is too short (e.g., 10 min.), the Al2O3 surface 
roughens, degrading the surface of the subsequent GaN layer.  An increase in temperature 
ramp time to 13 minutes, however, allows for a smoother GaN surface during growth. 
7.2.1.3 Buffer Layer 
 GaN growth on sapphire typically proceeds with the growth of a thin (20-30 nm) LT-
GaN buffer layer before the high quality GaN layer, while growth on Si usually proceeds 
with a HT-AlN buffer layer ranging from 50 nm to 200 nm in thickness.[51,61] Both  
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Figure 7.10: Dependence of the GaN (002) FHWM on carrier gas ratio for 





approaches were investigated here, with a HT-GaN layer grown under the same conditions 
on all buffer layers. 
The LT-GaN buffer layers were deposited at 745 °C with a nominal thickness of 25-30 
nm, while the HT-AlN buffer layers were deposited at a growth temperature of 1060 °C and 
thickness of 100 nm.  Both annealed and unannealed Al2O3/Si substrates were used in this 
study, and the samples grown with the HT-AlN layer consistently yielded higher quality 
material, as observed by XRD and RT-PL.  Table 7.2 shows results of XRD rocking curve 
scans on GaN layers grown on both LT-GaN buffer layers and HT-AlN buffer layers on 
Al2O3/Si.   
The layer on HT-AlN is also much smoother than the layer on LT-GaN.  The thickness 
of the LT-GaN layer is similar to that of LT-GaN buffer layers used on sapphire.  However, 
the polycrystalline nature of the Al2O3 film on Si leads to a much rougher surface on the 
GaN buffer layer.  Figure 7.11 shows SEM images of both a LT-GaN buffer layer and a HT-
AlN buffer layer on 10 nm Al2O3 annealed at 1100 °C for 90 seconds.  The HT-AlN buffer 
layer is much smoother than the LT-GaN layer.  This rough surface also affects the growth 
rate of the GaN layers grown on LT-GaN buffers.  The growth rate was significantly slower 
on LT-GaN buffers than on HT-AlN buffer layers due to surface roughening.  This surface 
roughening most likely decreases mobility of the Ga and N adatoms on the growth surface, 
leading to a slower growth rate. 
HT-AlN buffer layers were investigated further because of the smoother surface and 
higher growth rate of the subsequent GaN layer.  The effect of AlN thickness on structural 
quality of the GaN layer was studied.  Figure 7.12 shows the FWHM of the GaN (0002) ω-
scan as it depends on AlN thickness. The structural quality of the topmost GaN layer, as 
observed by XRD, increased with increasing AlN thickness.  However, above a thickness of  
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Table 7.2: Dependence of the GaN (002) FHWM on carrier gas ratio for GaN thin films 





Figure 7.11: (a) SEM image of a HT-AlN buffer surface 
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100 nm, there was only a small decrease in (0002) FWHM.  100 nm AlN buffer layers were 
used in subsequent studies for this reason.  
7.2.2 AlxGa1-xN/GaN Superlattices on ALD-Al2O3/Silicon 
AlxGa1-xN layers with different Al composition have also been investigated to grow high 
quality GaN on Si.[53,70]  Multiple AlxGa1-xN layers were grown on both bare Si and 10 nm 
Al2O3/Si to act as transition layers for the final GaN layer.  Each AlxGa1-xN layer was 100 
nm, with the temperature for each layer being slightly less than the previous layer.  XRD 
results for the samples are shown in Figure 7.13(a) and (b).  Clear AlxGa1-xN-related peaks 
are observed from the structure on bare Si, one peak from each layer.  Peaks from the AlN 
buffer layer and the topmost GaN layer can also been seen.  The structure on 10 nm 
Al2O3/Si also showed the AlxGa1-xN peaks, though they were much weaker and broader, 
encompassing all three potential peaks into one.  The GaN FWHM on the bare Si structure 
was 2088 arcsec, while the FWHM on the 10 nm Al2O3/Si structure was 5940 arcsec.   
A second growth was done with only two AlxGa1-xN layers.  The structure for this 
growth was the same as that of the previous study except that the third AlxGa1-xN layer was 
removed.  XRD results, Figures 7.13(c) and (d), show peaks from both AlxGa1-xN layers, and 
these peaks are visible in the structures on both bare Si and 10 nm Al2O3/Si, respectively.             
XRD results show that the material quality in the samples with two AlxGa1-xN layers 
improved compared to the growth with three AlxGa1-xN interlayers.  The XRD linewidth of 
the GaN layer on bare Si was 1944 arcsec, while the FWHM on the 10nm Al2O3/Si was 
3420 arcsec.   
RT-PL spectra of all samples grown with graded AlxGa1-xN layers showed very weak near 
bandedge emission, however.  The reason for the poor bandedge luminescence is unclear, 
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Figure 7.13: (a) XRD 2θ-ω scan of GaN on bare silicon using two AlGaN layers.  (b) Same structure as (a), on ALD-Al2O3/Si. (c) 
XRD 2θ-ω scan of GaN on bare silicon using three AlGaN layers. (d) Same structure as (c), on ALD-Al2O3/Si. 
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but the wide XRD linewidths and the poor luminescence from these samples suggests that 
AlxGa1-xN layers are not a suitable approach for GaN on ALD-Al2O3/Si. This approach was 
not investigated further because of the poor quality of initial GaN films compared to other 
approaches. 
7.2.3 Effects of the ALD-Al2O3 layer on Silicon 
The effects of the underlying Al2O3 layer were studied after initial work was done to 
determine favorable growth conditions for GaN on Al2O3/Si.  The effects of Al2O3 thickness 
on the subsequent GaN layer were investigated first.  The thickness of the Al2O3 layers was 
varied from 5 nm to 100 nm, and identical GaN layers were grown on each Al2O3/Si 
substrate.   
7.2.3.1 Structural Properties 
 Linewidth of the XRD (002) ω-scans are shown in Figure 7.14 as a function of Al2O3 
thickness.  Quality for the layers grown on 5 nm and 10 nm Al2O3 is similar, but increases 
somewhat for the sample grown on 20 nm Al2O3. After 20 nm, however, the crystal quality 
of the GaN layer decreases significantly.  This is most likely due to the changes in surface 
morphology that were observed in the ex-situ annealing studies of the Al2O3 /Si samples.  Pit 
formation in the thicker ALD-Al2O3 layers may lead to nucleation on the bare silicon 
substrate in addition to the nucleation on the oxide interlayer, thus decreasing overall crystal 
quality and producing a poor surface morphology for layers grown on Al2O3 interlayers with 
a thickness greater than ~20 nm. Thicker Al2O3 layers were not studied in further detail for 
this reason.  However, the trends observed for the thinner samples were investigated further 
to determine the effects of the Al2O3 layer thickness on the crystal structure of the 
subsequent GaN layer. 
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Figure 7.15 shows a Williamson-Hall plot taken from XRD data of a GaN layer on bare 
Si compared to GaN layers on 5 nm, 10 nm, and 20 nm Al2O3/Si substrates.  The plot was 
calculated using XRD rocking curve data of the GaN (002), (004), and (006) reflections that 
were taken with the triple-axis detector on the XRD system.  The decrease in slope with the 
addition of the ALD-Al2O3 layer is a clear indication of an increase in overall crystal quality.  
A linear fit to the data points for each reflection yields the lines shown in the figure.   
The lateral coherence length is an important parameter that can be extracted from the 
W-H plot.  The lateral coherence length is related to the y-intercept of the fitted line in the 
W-H plot, and it describes the average lateral dimension of crystalline domains, or grains, in 
the GaN layer.  The lateral coherence length of the GaN films was calculated from the plot 







=  (3.19) 
Tilt angle is another important structural parameter that can be calculated from the 
Williamson-Hall plot in Figure 7.15.  Tilt angle is related to the slope of the fitted line, and it 
describes the average grain tilt with respect to the c-axis.  The tilt angle, in acrseconds, is 
equal to the slope of the fitted.  Both the tilt angle and the lateral coherence length are 
shown in Figure 7.16 as they vary with ALD-Al2O3 thickness.  The sample grown on bare 
silicon, which corresponds to an Al2O3 thickness of zero, exhibits a very high tilt angle, 
nearly 1000 arcsec.  This high tilt angle is also coupled with a very low lateral coherence 
length of ~100 nm.  The addition of the oxide interlayer leads to a noticeable increase in 
lateral coherence length and a corresponding decrease in tilt angle.  The increase in lateral 
coherence length is suggestive of a decrease in threading dislocation density. 
 171 



































Figure 7.15: Williamson-Hall plot of the (002), (004), and (006) reflections 













































Figure 7.16: Lateral coherence length and tilt angle for GaN thin 




The threading dislocation density of the GaN thin films was calculated from the 













In this equation, α is the tilt angle and bc is the burgers vector for threading dislocations 
in GaN (bc = 5.185 Å).  The calculated screw dislocation densities are shown as a function of 
ALD-Al2O3 thickness in Figure 7.17. The addition of the ALD-Al2O3 interlayer leads to a 
reduction in threading dislocation density by an order of magnitude.  The screw dislocation 
densities for the GaN thin films on ALD-Al2O3/Si are in the range of typical values reported 
for MOCVD-grown GaN on sapphire.[99] The rocking curve linewidth of the GaN (102) 
reflection, however, suggests that the edge dislocation density remains slightly higher than 
that of typical GaN thin films on sapphire. 
Raman spectroscopy was used to study the structural properties of the thin films in more 
detail.  Unpolarized Raman spectra are shown in Figure 7.18 for 1.5 µm GaN layers grown 
on silicon using a HT-AlN buffer layer, LT-AlN interlayers, and ALD-Al2O0 interlayers of 
various thickness.  The main features in the Raman spectra are the E2(high) near 565 cm
-1 
and the A1(LO) near 735 cm
-1.  The strong A1(LO) mode is an indication of low carrier 
concentration, as free carriers coupling with this phonon mode tend to decrease intensity 
and broaden the peak, suppressing it almost entirely at high carrier concentrations. [103] The 
linewidth of the E2(high) indicates good crystalline quality.  The E2(high) mode is also the 
clearest indicator of strain in wurtzite materials.[103]  A shift in the E2 mode to lower 
wavenumbers is indicative of tensile strain in the material.  The unstrained position of the 
E2(mode) is near 567 cm
-1, and in MOCVD-grown GaN on sapphire it is shifted to slightly 
higher wavenumbers due to compressive strain induced by the sapphire  
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Figure 7.17: Calculated screw dislocation density as a function of ALD-Al2O3 
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Figure 7.18: Unpolarized Raman spectra of GaN thin films grown 




substrate. [104] Figure 7.19 shows the shift of the E2 mode as a function of oxide interlayer 
thickness.  A clear trend is observed in which the thin oxide interlayers actually lead to an 
increase in strain, and then this strain begins to relax with thicker oxide interlayers.  This is 
consistent with the calculations of dislocation density that showed an increase in threading 
dislocation density with increasing oxide interlayer thickness.  Thus, relaxation of the GaN 
thin film with increasing oxide thickness most likely leads to an increase in threading 
dislocation density. 
Three unidentified peaks are also visible in the Raman spectra near 617 cm-1, 647 cm-1, 
and 707 cm-1.  These peaks are not typical of high-quality silicon, and their presence in the 
samples grown on bare silicon with a HT-AlN interlayer and with LT-AlN interlayers 
suggests that they are not related to the ALD-Al2O3 layer.  The intensity of these three peaks, 
normalized to the intensity of the E2(high), was plotted versus Al2O3 thickness in Figure 7.20.  
The addition of the oxide interlayer significantly reduces the intensity of the peaks near 617 
cm-1 and 647 cm-1.  The trends in intensity of these two peaks follow the trend of threading 
dislocation density very closely, and suggest that these two peaks are disorder-order induced 
Raman modes, though disorder-related peaks in this region have not previously been 
reported in GaN.  
The narrow linewidth of the peak near 707 cm-1, however, coupled with the different 
trend in intensity, suggests that this is not a disorder-related mode.  In addition, its presence 
in the layers grown on bare silicon both with and without LT-AlN intelrayers suggests that it 
is not related to the ALD-Al2O3 layer.  This mode has not been previously reported in the 
literature and it is assigned as local vibrational mode in GaN, though the exact origin of this 
local vibrational mode remains unclear at this time. 
 176 
 






















































































The major point of interest here is the increase in strain when the Al2O3 layer thickness 
increases from 5 nm to 10 nm, and then the reduction in strain with a further increase in 
Al2O3 thickness to 20 nm.  While this phenomenon is not completely understood yet, a clear 
trend is observed in both the Raman data and the PL data suggesting that the Al2O3 layer 
does in fact help to relieve strain in the GaN layers compared to GaN on bare Si. 
7.2.3.2 Optical Properties 
RT-PL measurements were used to investigate both the optical quality of the material 
and the effects of the ALD-Al2O3 interlayer on strain in the GaN layer.  The linewidth of the 
bandedge emission at room temperature is near 50 meV, which is slightly higher than that of 
typical GaN thin films on sapphire.  This linewidth, however, still indicates good crystalline 
quality, and the increase in linewidth compared to GaN on sapphire may be related to the 
increased edge dislocation density in the material on silicon. 
The PL bandedge shift was also studied as a function of Al2O3 thickness to gain more 
insight into strain in the layer, and the results are shown in Figure 7.21.  The shift of the 
Raman E2(high) mode is also shown in the figure for comparison.  This redshift is an 
indication of tensile strain.  The two measurements at zero thickness represent GaN with a 
simple HT-AlN buffer layer and GaN with three LT-AlN interlayers. The sample with LT-
AlN interlayers is blue-shifted from the sample with only a simple HT-AlN buffer layer, 
indicating a reduction in strain.    Note the clear trend – observable in both the Raman and 
PL data – in which the very thin Al2O3 layers (<10 nm) lead to a larger redshift than the 
samples without an oxide layer.  The reason for the shift associated with very thin Al2O3 
layers is unclear.  The thicker oxide interlayers, however, appear to relieve this strain, though 
the screw dislocation density in these layers also increases with increasing oxide interlayer 
thickness. 
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Another prominent feature in the RT-PL spectra of all of the GaN layers on silicon is 
the yellow luminescence.  The ratio of blue luminescence to yellow luminescence in the GaN 
layers on bare silicon – both with and without LT-AlN interlayers – is ~5.5.  This ratio 
decreases with increasing strain in the GaN film on 10 nm ALD-Al2O3, and increases to ~28 
with decreased strain in the GaN film on 20 nm ALD-Al2O3. 
7.2.3.3 Surface Morphology 
 Surface morphology of the GaN layers on ALD-Al2O3/Si was also studied using AFM.  
10µm x 10µm AFM images of the surface of GaN thin films grown using a simple HT-AlN 
buffer layer (7.22(a)), a 5 nm ALD-Al2O3 interlayer (7.22(b)), and a 20 nm ALD-Al2O3 
interlayer (7.22(c)) are shown in Figure 7.22.  Surface roughness was calculated to be 5.67 Å 
for the layer on bare silicon, 3.93 Å for the layer on 5 nm ALD-Al2O3/Si, and 3.70 Å for the 
layer on 20 nm ALD-Al2O3/Si.  The oxide interlayer leads not only to an improvement in 
surface roughness, but also to an improved surface morphology, as shown in the figure.   
The surface morphology of the sample on bare silicon (with HT-AlN buffer layer) is 
different than the step-flow pattern that is usually observed for GaN on sapphire.  Another 
interesting aspect of the surface is the formation of pits in the surface.  The surface of the 
GaN layers grown on oxide interlayers show no pit formation, and more step-flow-like 
pattern, particularly in the sample grown on 20 nm ALD-Al2O3/Si, Figure 7.22(c).  It is clear 
from XRD data that the oxide interlayer significantly reduces threading dislocation density, 
as mentioned previously.  The absence of pits in the samples on oxide interlayers, combined 
with the much lower threading dislocation densities in these layers, leads to the conclusion 
that the pits formed in the surface of the GaN layer grown on bare silicon are due to the 
termination of threading dislocations at the surface. 
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Figure 7.22: (a) AFM image of a GaN thin film on HT-AlN/Si.  (b) AFM image of a GaN thin film on 5nm ALD-Al2O3/Si. (c) 
AFM image of a GaN thin film on 20nm ALD-Al2O3/Si. 
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A comparison of the three images in Figure 7.22 shows a shift toward a more step-flow-
like pattern with increasing oxide layer thickness.  This is possibly due to the relaxation of 
strain in the growing layer.  Another possibility for the change in surface morphology is a 
change in polarity, as N-polar GaN films often show a rougher surface than Ga-polar films.  
A high-temperature hydrogen anneal and subsequent low temperature nitridation under NH3 
are typically used to ensure Ga-polar GaN on sapphire.[131,132] However, no such process 
is used here, as hydrogen may etch the polycrystalline oxide layer.  This causes difficulty in 
controlling polarity of the films, which may in turn lead to a shift toward a smoother surface 
with increasing oxide thickness, when polarity of the GaN films becomes more consistent. 
7.3 SUMMARY 
 An MOCVD growth process was developed for GaN growth on silicon subtrates using 
an ALD-grown Al2O3 interlayer.  Initial process development was completed on silicon 
subtrates without the oxide interlayer to provide a baseline for comparison of GaN films on 
oxide interlayers.  GaN thin films were also grown using LT-AlN interlayers without an 
oxide interlayer, as is common in MOCVD growth of GaN on silicon.   
Initial process parameters including carrier gas and nucleation layer structure were 
studied first on ALD-Al2O3.  It was found that both the oxide layer thickness and the AlN 
buffer layer thickness are important parameters in determining the crystal quality of the 
subsequent GaN layer.  Thin oxide layers (≤20 nm) lead to higher quality GaN, while GaN 
crystal quality degrades significantly on thicker oxide interlayers. 
The effects of this thin oxide interlayer on structural and optical properties of the GaN 
layer were investigated in more detail using XRD and Raman spectroscopy.  Williamson-Hall 
plots of the GaN (002), (004), and (006) reflections show a decrease in threading dislocation 
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density from ~2x109 cm-2 on bare silicon to ~2x108 cm-2 on ALD-Al2O3/Si.  XRD rocking 
curve scans also show a slightly larger linewidth for the GaN (102) reflection compared to 
typical GaN thin films on sapphire.  This is most likely due to a higher concentration of edge 
dislocations in the material on silicon compared to that on sapphire. 
Raman spectra and RT-PL measurements show that this dislocation density increases 
with decreasing strain in the GaN layer.  Raman spectra also reveal two disorder-related 
modes, the intensities of which scale with threading dislocation density. One local vibrational 
mode is also identified near 707 cm-1, the origin of which is not clear at this time. 
Table 7.3 shows the properties of GaN thin films grown both with and without ALD-
Al2O3 interlayers in this study.  It is clear that the oxide interlayer allows for increased 
material quality compared to GaN thin films on bare silicon, and that the use of the oxide 
interlayer on silicon is a viable approach for the growth of GaN-based devices on silicon. 
This oxide interlayer also simplifies the growth process compared to typical MOCVD 
processes for GaN on silicon, which involve the use of LT-AlN interlayers or graded AlxGa1-
xN layers.  The reduction in consumption of metalorganic precursors using the Al2O3 
interlayer is shown in Figure 7.23. Note that the total consumption of metalorganic 
precursors is nearly the same as the simplest growth processes reported on silicon, and the 








Table 7.3: Material properties obtained using various approaches on silicon. 
 






























Figure 7.23: Total consumption of precursors using the three approaches compared 



















CHAPTER 8: GaN-BASED DEVICES ON ZnO AND Si 
  
GaN-based devices were grown by MOCVD on ZnO and silicon substrates using the 
processes described in the preceding chapters.  This chapter presents results from a detailed 
study of the electrical and optical properties of these devices. 
8.1 DEVICES ON ZNO 
 GaN-based LEDs on sapphire typically have a non-zero electric field in the InxGa1-xN 
quantum wells, which leads to bending of the conduction and valence bands and spatial 
separation of electrons and holes in the quantum well.  This spatial separation has been 
identified as one factor limiting the efficiency of such devices. [133]  ZnO substrates show 
promise toward alleviating this problem and increasing the efficiency of InxGa1-xN quantum 
well-based LEDs.  Optically active InxGa1-xN/GaN multiple quantum well structures were 
grown on ZnO in this study, and initial devices were grown that showed emission in the blue 
and green region. 
8.1.1 Structures 
 One advantage of ZnO as a substrate is its lattice match with In.18Ga.82N.  This allows 
for a strain-free In.18Ga.82N layer to be used in the quantum well.  However, this also means 
that the n-type and p-type GaN layers would be under strain.  In order to allow for growth 
of thick, low defect density n-type and p-type layers, devices have been grown using 
In.18Ga.82N:Si and In.18Ga.82N:Mg as the n-type and p-type layers, respectively.  This process 
was first developed on sapphire and then transferred to ZnO substrates.  In these structures, 
a 200nm n-type In0.18Ga0.82N layer was grown on a GaN/sapphire template.  The active 
region of the LED consisted of a five-period InxGa1-xN/GaN multiple quantum well 
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(MQW), and the p-type layer was In0.18Ga0.82N.  A schematic of the structure that was 
investigated is shown in Figure 8.1.  Use of the ZnO substrate will allow for growth of lower 
defect density material, as the In.18Ga.82N layer is unstrained, thus leading to increased device 
efficiency. 
8.1.2 Luminescence 
The PL spectrum shows a peak near 555nm, Figure 8.2(a).  The broadening is most likely 
a consequence of the higher defect density in the InxGa1-xN layers grown on sapphire due to 
relaxation of the thick InxGa1-xN layers.  Similar structures were grown on ZnO, targeting 
green emission wavelengths, near 555 nm.  RT-PL of one such structure is shown in  Figure 
8.2(b).  While the luminescence intensity is relatively low, the IQE of this structure as 
measured by LT-PL is relatively high, at 59%.  This increased efficiency compared to typical 
LEDs on sapphire is attributed to the reduction in strain in the InxGa1-xN quantum wells that 
is afforded by the ZnO substrate. 
8.1.3 Electrical Properties 
The I-V response of the control structure on sapphire is shown in Figure 8.3.  Though 
the turn-on voltage is relatively high, a clear rectifying behavior is observed.  The devices on 
ZnO, however, showed no rectification, despite the good optical properties.  The reason for 
this difference in behavior between the devices on sapphire and on ZnO is attributed to 
excess zinc and oxygen diffusion into the InxGa1-xN, which degrades the electrical properties 
of the device.  These results make it quite clear that while ZnO substrates show great 
promise for increased efficiency of GaN-based emitters, the problem of zinc and oxygen 
outdiffusion from the substrate remains to be solved in a manner that can render GaN on 



















Figure 8.1: LED structure investigated on 
ZnO. 
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Figure 8.2: (a) PL of In0.18Ga0.82N-based LED 
on GaN/sapphire. (b) PL of In0.18Ga0.82N-based 




































 GaN-based structures were removed from the ZnO substrates using a wet etching 
process.  The substrates were removed by etching in a 10% HCl solution for 20 minutes.  
However, this had little effect on optical properties, and electrical properties were not 
investigated after substrate removal, as the devices on ZnO showed no recitification before 
substrate removal.   
8.2 DEVICES ON SILICON 
 Crack-free GaN LEDs have been grown by MOCVD on Si(111) substrates using the 
process described in the previous chapter.  Initial growth runs allowed for calibration of 
growth parameters and emission wavelength, and for initial investigations into their 
structural and optical properties.  Final results show comparable performance characteristics 
for GaN-based devices grown on Si and sapphire substrates. 
8.2.1 Structures 
GaN-based LEDs were grown on silicon substrates using the process developed 
previously.  Initial devices consisted of a 600 nm n-type GaN layer, four-period InxGa1-
xN/GaN MQWs, and 120nm of p-type GaN.  The MQW structure consisted of 15-20 Å 
wells and 120 Å barriers.  In-situ reflectivity curves for both green and blue GaN-based 
LEDs on silicon are shown in Figure 8.4(a) and (b), respectively.  The intensity of the 
oscillations is an indication of a smooth surface, which is maintained throughout growth.  
XRD 2θ-ω scans of both green and blue LEDs are shown in Figures 8.5(a) and (b), 
respectively.  XRD data indicates good crystalline quality for both green and blue LEDs.  




































Figure 8.4: (a)In-situ reflectivity showing the growth of a green GaN LED on silicon.  (b) In-situ reflectivity curve showing the 
growth of a blue GaN LED on silicon. 
 































































































Figure 8.5: (a)XRD 2θ-ω scan of a green GaN LED on silicon. (b) XRD 2θ-ω scan of a blue GaN LED on silicon.  
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RT-PL spectra for both blue and green LEDs are shown in Figures 8.6(a) and (b), 
respectively.  A Gaussian fit shows linewidths of 108 meV for the blue device and 97 meV 
for the green device.  The multiple peaks observable in the green spectrum are perhaps 
related to non-uniformity in the quantum wells, possibly due to the higher indium content in 
the quantum wells in the green device. 
The n-type and p-type layers in these devices were slightly thinner than in typical GaN-
based LEDs in order to suppress cracking due to tensile strain.  However, cracking remained 
a problem with initial devices. 
After process optimization discussed in the previous chapter, GaN-based LEDs were 
grown and fabricated on both sapphire and Si substrates.[134].  These devices were 350µm x 
350µm and consisted of 1.0µm of n-type GaN, a four-period InxGa1-xN/GaN (2.75 nm/12 
nm) MQW structure as the active region, and ~160nm of p-type GaN on top.  LEDs were 
grown on 1.5µm-thick GaN/sapphire templates and on 1.5µm-thick GaN/Al2O3/Si 
templates simultaneously so that similar devices could be obtained on both sapphire and Si.  
The Si LEDs fabricated in this work were crack-free, as shown in Figure 8.7(a).  Figure 
8.7(b) shows the devices that were fabricated on sapphire substrates.  The apparent 
difference in surface morphology is because the sapphire substrate is transparent, and is 
single-side polished, leaving the rough back-side of the substrate visible from the top.  
Surface morphology of the layers on Si and sapphire was very similar as observed by AFM, 
however. 
8.2.2 Electrical Properties 
I-V curves show that the device on Si has a slightly lower series resistance compared to 
the device on sapphire, Figure 8.8. The reason for this improved series resistance remains  
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Figure 8.6: RT-PL of green (a) and blue (b) GaN-











Figure 8.7: Photos of GaN-based LEDs on GaN/Al2O3/Si 































Figure 8.8: I-V curves for GaN LEDs on GaN/Al2O3/Si(111) and GaN/sapphire. 
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unclear. However, further optimization of the LED growth process, p-type layer, and p-type 
contact resistance will result in much higher efficiency and lower series resistance of the 
GaN emitters on both Si and sapphire substrates. Another significant point that is 
observable from a comparison of the I-V curves in Figure 8.8 is the turn-on voltage.  The 
turn-on voltage for the device on Si is slightly lower than that of the device on sapphire 
(~2.9V on Si compared to ~3.0V on sapphire).  This turn-on voltage is in the same range as 
those of other reports for GaN-based LEDs on Si [67,135,136]. 
8.2.3 Optical Properties 
EL spectra of the devices were measured at drive currents up to 100mA.  EL of a typical 
device on sapphire is shown in Figure 8.9(a).  EL spectra as a function of drive current for 
devices on ALD-Al2O3/Si are shown in Figure 8.9(b).  The devices on Si show a redshift in 
peak emission wavelength compared to those on sapphire.  This redshift may be due to the 
tensile strain in the epilayer as indicated by the shift of Raman E2 (high) mode to lower wave 
numbers,  The higher In incorporation in the film also confirms the tensile strain in the 
epilayers layers [112].  The higher indium content in turn leads to longer peak emission 
wavelengths compared to the devices on sapphire. 
A shift in peak emission wavelength is also observed with an increase in drive current for 
both devices, though it is more clearly seen in the devices on Si.  Two emission peaks can be 
seen in the EL spectra of the devices on Si, with a shift from lower energies to higher 
energies with increasing drive current.  This may be due to non-uniformity of the quantum 
wells caused by the much higher indium content in the active region of the devices on Si. 
A nickel oxide current spreading layer was used to ensure uniform current spreading 
through the devices.  The inset of Figure 8.9(b) shows a photograph of a device on silicon  
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Figure 8.9: EL spectra for GaN LEDs on GaN/Sapphire (a) 




under normal operating conditions.  The uniform light emission from the device surface is 
an indication of good current spreading.  Devices on sapphire showed similar properties.  
The uniform current spreading in these devices allows for a valid comparison of 
luminescence intensity versus current density between the devices. 
8.2.4 Efficiency 
Luminescence intensity was also measured as a function of drive current for these 
devices, and results are shown in Figure 8.10.  The luminescence intensity of the devices on 
Si reached a peak with a drive current of 40mA, corresponding to a current density of 32.7 
A·cm-2.  The comparison is significant because it shows that for comparable devices, the 
LED on Si shows a much higher efficiency at high drive currents than the LED on sapphire, 
despite the longer wavelength emission from the device on Si, which often leads to a drop in 
efficiency.   
The IQE of these structures was measured using LT-PL.  This approach assumes an 
IQE of 100% at 8K, and the IQE at room temperature (RT) is calculated as the ratio of PL 
integrated intensity at RT to PL integrated intensity at 8K.  The IQE values for two LEDs 
that were grown at the same time – one on sapphire and one on Al2O3/Si – are shown in 
Figure 8.11.  As mentioned previously, the device on Si showed a significant redshift in peak 
wavelength relative to the device on sapphire.  However, this redshift did not significantly 
degrade the IQE, as would be expected with a shift in wavelength from the blue region 
toward the green region.  A summary of the IQE measurements done on three GaN-based 
LEDs on Si is shown in the inset of Figure 8.11, along with the device on sapphire for 
comparison.  The IQE of these devices improves significantly with decreasing emission 
wavelength, as would be expected. 
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Figure 8.10: L-I curves for GaN LEDs showing a higher 
efficiency at high drive currents for the device on 
GaN/Al2O3/Si(111) compared to that on GaN/Sapphire. 
 
 
Figure 8.11: IQE as a function of temperature GaN LEDs on 
GaN/Al2O3/Si(111) and on GaN/Sapphire.  Inset shows IQE as a 
function of wavelength for GaN LEDs on ALD-Al2O3/Si. 
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EQE was also measured as a function of drive current, and results are shown in Figure 
8.12.  Measurements were pulsed to avoid thermal effects.  EQE of these devices is low 
because of the relatively high series resistance.  However, it is worth noting that at high 
current densities, EQE drops off more quickly on sapphire.  The reason for the difference in 
behavior at high current densities is unclear, but it is certainly not due to thermal effects, as 
the measurements were pulsed.   
8.4 SUMMARY 
 GaN-based devices were grown on both ZnO and silicon substrates using the processes 
developed in previous chapters.  Devices on ZnO showed good optical properties, with peak 
emission wavelengths in the green region, near 555 nm, and good efficiency.  However, 
electrical properties were degraded by zinc and oxygen diffusion into the device structure.   
A side-by-side comparison of LEDs grown on both GaN/sapphire templates and 
GaN/silicon templates shows similar performance for the devices on silicon and sapphire.  
The devices on silicon, however, show a slightly longer wavelength compared to those on 
sapphire.  This may be due to the increase in indium incorporation with increasing tensile 
strain in the layers.  IQE values of 37% (GaN/sapphire) and 32% (GaN/silicon) were 
measured via LT-PL.  These results show that silicon is a viable alternative to GaN on 
sapphire, and that devices grown on silicon are capable of performance characteristics 
similar to comparable devices on sapphire. 
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CHAPTER 9: MODELING OF GaN-BASED DEVICES ON ZnO 
AND Si 
 
A theoretical understanding of the effects of substrate choice on the optical and 
electrical properties of GaN-based LEDs is necessary in order to develop devices on these 
substrates that show performance characteristics similar to comparable devices on sapphire. 
To this end, GaN-based devices on both ZnO and silicon were simulated in order to 
determine the important aspects of device design, and the important effects of each 
substrate on device performance. 
9.1 POLARIZATION IN NITRIDES 
 The c/a ratio of GaN (1.626) is slightly less than the ideal case for a hexagonal close 
packed (hcp) crystal (~1.63). This non-centrosymmetry of wurtzite GaN and its alloys with 
indium and aluminum leads to large spontaneous and piezoelectric polarization effects in 
these materials. Polarization-induced electric fields, in turn, cause spatial separation of 
electrons and holes in InxGa1-xN quantum wells, thus decreasing device efficiency.  ZnO is 
also a polar material with even larger spontaneous and piezoelectric polarization effects than 
those found in the nitrides [137,138], and the integration of these two materials for device 
applications requires a clear understanding of polarization and its effects on device 
performance and efficiency.  




P P P= +  (9.1) 
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Changes in both composition and strain state at interfaces lead to a mismatch in total 
polarization.  This mismatch is compensated by a build-up of bound sheet charge near the 
interface, the areal density of which can be calculated by taking the difference of the 
polarization charge in the two layers.  The formation of polarization-induced sheets of 
bound charge in multiple quantum well and superlattice structures induces electric fields in 
these structures that affect the distribution of charge carriers and, ultimately, efficiency of the 
devices.  The fact that the charge build-up is due to a mismatch in total polarization, and not 
simply piezoelectric polarization, means that the spontaneous polarization values of these 
materials are very important relative to each other in reducing polarization-induced internal 
electric fields. 
A summary of the polarization-related parameters for AlN, GaN, InN, and ZnO are 
given in Table 9.1.  These values agree well with the literature, and were used in SiLENSe as 
well.  It should be noted that little experimental work is available for InN, and values from 
calculations based on a local density approximation were used in this work. [139] The 
spontaneous polarization of AlN is much larger than that of both GaN and InN, which have 
spontaneous polarization values in the same range as typical piezoelectric polarization values. 
This makes strain (and hence, piezoelectric polarization) a much larger factor in determining 
overall electric fields in InxGa1-xN/GaN quantum wells compared to AlxGa1-xN/GaN 
heterostructures.  The much larger spontaneous polarization of ZnO compared to InN and 
GaN also suggests that a bound sheet charge may form at the InxGa1-xN/ZnO interface, 
regardless of indium content, and that screening this charge by doping near the interface may 
be the only way to neutralize the electric field induced by this charge build-up. 





Table 9.1: Spontaneous polarization values, lattice parameters, elastic coefficients, 
dielectric coefficients, and piezoelectric coefficients used in this work. 
 
e31 e33 c13 c33 a (A) Psp,z ε
AlN -0.59 1.41 115 390 3.112 -0.081 9.0
InN -0.22 0.43 95 200 3.548 -0.032 15.3
GaN -0.33 0.65 105 395 3.189 -0.029 8.9
ZnO -0.62 0.96 106 210 3.250 -0.050 8.75  
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Polarity of these materials also plays a significant role in determining the sign of the charge 
build-up at the interfaces and, thus, direction of the electric fields.  Typical MOCVD-grown 
nitrides are grown along the [0001] axis, and are cation-polar.  In this situation, the 
spontaneous polarization is along the [0001] axis.  Piezoelectric polarization, however, is 
determined by the strain state of the material.  Under tensile strain, the piezoelectric 
polarization is in the [0001] direction, parallel to the spontaneous polarization; however, 
compressive strain induces a piezoelectric polarization in the [0001] direction, opposite to 
the spontaneous polarization.  A typical InxGa1-xN quantum well on a fully relaxed GaN 
template is under compressive strain, while AlxGa1-xN layers on GaN are under tensile strain 
[138].  In addition to affecting lattice constants, and subsequently the strain state of the layer, 
composition also changes the spontaneous polarization of the layer.  Thus, the composition 
and strain state of the material are the two major factors that determine the overall effect of 
polarization in nitride-based thin films.   
The piezoelectric polarization can be calculated using the elastic coefficients, 











= −  
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 (9.2) 
where e31 and e33 are the elastic coefficients, c13 and c33 are the piezoelectric coefficients, and 
asub and alayer are the lattice constants of the substrate and the layer, respectively[138].   
 In an InxGa1-xN/GaN multiple quantum well structure, the electric field in the wells and 
the barriers can be modeled using the following equations (a) and (b), respectively[140]: 
 
( )b b w
w










( )w w b
b








where Pb and Pw are the total polarization in the barrier and well, respectively, Lb and Lw are 
the thicknesses of the barrier and well, respectively, and εw and εb are the dielectric constants 
for the well and the barrier, respectively.  These equations are based, however, on the 
boundary condition that the potential on either side of the active region is the same.  This 
assumption does not hold for an actual device, in which the regions on either side of the 
active region are doped for n-type and p-type conductivity, causing a difference in potential. 
 Space charge regions develop on either side of the active region in a diode structure, with 
ionized donors leading to positive charge in the n-type region and ionized acceptors leading 
to negative charge in the p-type region.  This formation of space charge regions leads to an 
additional component to the electric field, which extends across the entire active region of 
the device, thus introducing a second term into the expression for electric field.  A simple 
approximation taking into account the drop in potential across the active region and the 
thickness of the active region leads to the following expression for the electric field induced 









where V0 is the built-in potential across the p-n junction and x and y are the number of wells 
and barriers, respectively.  Thus, the two contributions to the electric field yield the 
following expressions for the electric field in the wells and barriers of an LED structure, 
respectively: 
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 A Vegard-like relationship is assumed for the polarization values in InxGa1-xN quantum 
wells and for dielectric constants.  Under this assumption, the expressions above show good 
agreement with values calculated in SiLENSe for the the electric fields in quantum wells and 
barriers.  However, there exists a discrepancy at doped interfaces, the origin of which 
remains unclear at this time.  This discrepancy often leads to a weaker electric field in the 
quantum well adjancent to the doped region compared to the rest of the structure. Band 
diagram and device parameters shown in the rest of this work were calculated using 
SiLENSe version 3.4. 
9.2 GAN-BASED DEVICES ON ZNO 
 ZnO substrates show promise for the growth of low defect density InxGa1-xN, owing to 
the lattice match of ZnO to InxGa1-xN with x = 0.18.  Also, typical growth temperatures for 
InxGa1-xN range from ~700 °C to ~750 °C, much lower than typical GaN growth 
temperatures, which are above 1000 °C.  The relative compatibility of indium-containing 
nitride alloys compared to pure GaN or AlxGa1-xN suggests that devices based on InxGa1-xN 
should be studied to determine what, if any, advantages they offer over normal GaN-based 
devices on sapphire. 
9.2.1 Device Structure on ZnO 
 In this work, devices based on n-type and p-type In0.18Ga0.82N have been modeled in 
order to study the advantages of a lattice-matched substrate.  The lattice match to the 
substrate removes any strain in the n-In0.18Ga0.82N layer, and promises to reduce strain in the 
quantum wells (x > 0.18), thereby increasing device efficiency.  The structure investigated in  
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Figure 9.1: In0.18Ga0.82N LED simulated on both ZnO and GaN substrates. 




























































































Figure 9.2: Electric field distribution in In0.18Ga0.82N-based LEDs 
on both ZnO (top) and GaN (bottom). 
 
p-In.18Ga.82N       150 nm      NA=3x10
19 cm-3 
In0.3Ga0.7N       3 nm
 
n-In.18Ga.82GaN       500 nm      ND=5x10
18 cm-3 
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this work is shown in Figure 4.1.  The corresponding band diagram and electric field is 
shown in Figure 9.2(a) and (b) for the same structure on both GaN (strained) and ZnO 
(unstrained), respectively.  The thickness of the n-type layer was chosen so that the 
assumption of strained InxGa1-xN on GaN/sapphire could be considered valid. 
 The band diagrams in Figure 9.2 show a clear difference, particularly in the first quantum 
well, in band bending.  The conduction and valence band edges bend more noticeably on the 
GaN substrate than on the ZnO.  This difference stems from a difference in polarization-
induced electric fields due to strain in the quantum well.  The electric field, particularly in the 
first quantum well, is much lower in the structure on ZnO due to the reduced strain in the 
well.   
9.2.2 Modeled Device Performance 
 I-V curves for the two devices discussed in the previous section were simulated using 
SiLENSe 3.4, Figure 9.3.   At a drive current of 20 mA, both devices showed emission in the 
green region, near 505 nm, Figures 9.4(a) and (b).  The device on ZnO showed much 
stronger emission compared to that on GaN, and a much narrower emission peak.  The 
reason for the narrower emission is the reduction in band bending in the quantum well.  The 
second peak in the spectrum on GaN, observable at longer wavelengths, is also due to the 
increased electric field in the second quantum well.  The increased electric field in the 
quantum wells on GaN compared to those on ZnO leads to a slight red-shift in emission 
wavelength, thus the increased electric field in the second quantum well leads to a slight 
redshift in emission from that well compared to the first. 
 The most important point to note in the comparison of these devices is the IQE, Figure 
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Figure 9.4: Electroluminescence intensity of 
In.18Ga.82N-based LEDs on ZnO (red) and GaN (black). 
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Figure 9.3: I-V curves of In0.18Ga0.82N-based LEDs simulated on both 
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Figure 9.5: Internal quantum efficiency of In.18Ga.82N-based LEDs on 
ZnO (red) and GaN (black).  Note the higher efficiency on ZnO. 
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reason for this, as stated earlier, is the decreased electric field in the quantum wells, which 
stems from the lattice-matched substrate.  The decreased electric field leads to greater 
overlap of electron and hole wavefunctions and thus increased radiative recombination rates.  
This result clearly shows the promise that ZnO substrates hold for increasing efficiency of 
GaN-based devices. 
9.3 SUMMARY 
Polarization effects play a key role in limiting the efficiency of nitride-based light emitters, 
and an understanding of these effects is required in order to understand the advantages 
offered by alternative substrates.  A near lattice-matched substrate such as ZnO shows great 
promise toward increasing efficiency of GaN-based emitters by reducing strain in the 
quantum wells, and thus reducing polarization effects.  Nitride devices based on n-
In0.18Ga0.82N and p- In0.18Ga0.82N were modeled here on ZnO and GaN substrates, and it was 
found that the structure on ZnO showed a much higher IQE (~60%) compared to that on 
GaN (~50%).  Table 9.2 summarizes the simulated results for In0.18Ga0.82N LEDs on both 
GaN/sapphire and ZnO.  This result shows the promise of near lattice-matched substrates 





Table 9.2 Simulated performance 









CHAPTER 10: CONCLUSIONS AND FUTURE WORK 
 
 This work focused on the development of MOCVD growth processes for GaN on both 
silicon and ZnO substrates because of the potential advantages that these substrates offer in 
terms of both cost and potential for low defect-density GaN.  The MOCVD growth process 
was investigated because of its flexibility, scalability, and its relevance to commercial 
processes.  This research makes many contributions toward our understanding of the 
integration of GaN-based materials and devices with both silicon and ZnO.  Challenges 
remain, however, if these technologies are to make an impact on commercial GaN 
technology in the future, and there is room for future work in this area to further develop 
the processes and techniques studied in this research. 
10.1 CONCLUSIONS 
 Results of this research indicate that the use of a thin oxide transition layer between the 
silicon substrate and the GaN thin film can help to increase material quality significantly.  
This work has produced GaN thin films on ALD-Al2O3/Si substrates with structural quality 
– as measured by XRD – that approaches typical GaN thin films on sapphire. The process 
was also used to grow GaN-based LEDs on ALD-Al2O3/Si substrates that show 
performance characteristics similar to those of comparable LEDs on sapphire.   
A baseline process was developed for GaN growth on silicon using a simple HT-AlN 
interlayer.  This process yielded material that is typical of such processes, with cracking and 
gallium melt-back etching, but it allowed identification of the main problems associated with 
GaN growth on silicon.  These two issues are well-known, and must be addressed by any 
growth process that will prove useful for GaN growth on silicon.  After initial studies with 
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simple HT-AlN buffer layers, the growth process was further developed to include LT-AlN 
interlayers to reduce strain in the GaN layer.  This approach led to an improvement in 
overall crystal quality and a reduction in strain, though material quality remained lower than 
that of typical GaN thin films on sapphire. 
A thin oxide interlayer was introduced to both alleviate strain in the material and reduce 
defect densities while simplifying the growth process.  XRD ω-scans of the GaN (0002) 
reflection show a linewidth of <400 arcsec, which is similar to GaN thin films grown on 
sapphire, and indicates a significant reduction in screw dislocation density.  Rocking curve 
scans of the GaN (102) reflection also indicate an improvement in edge dislocation density 
from layers grown without the oxide interlayer, though the linewidth of these reflections 
remains higher than those of typical GaN on sapphire. The evolution of strain in the 
material with increasing Al2O3 thickness shows that the GaN layers are still under tensile 
strain when grown on very thin oxide layers (<10 nm), and that the layers begin to relax with 
oxide thicknesses ≥20 nm.  Overall material quality was observed to increase with decreasing 
Al2O3 thickness, and screw dislocation densities as low as 2 x 10
8cm-2 were achieved using a 
5nm ALD-Al2O3 layer.   
The use of the oxide layer also helped to suppress cracking relative to layers grown with 
conventional techniques on silicon, enabling the growth and fabrication of crack-free GaN-
based LEDs on silicon substrates. These devices show similar performance characteristics to 
comparable devices on sapphire, with an IQE of 32% compared to 37% for the devices on 
sapphire.  L-I measurements also show high efficiencies compared to the devices on 
sapphire for high drive currents.  
GaN growth on ZnO faces fundamental issues related to both the instability of ZnO in 
typical nitride growth atmospheres and the diffusion of zinc and oxygen from the substrate 
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into the GaN layer.  Single phase InxGa1-xN has been grown on ZnO, and the effects of 
different buffer layers on diffusion and GaN quality were studied.  It was found that 
aluminum-containing materials help to reduce diffusion of both zinc and oxygen into the 
GaN layer, though impurity concentrations remain high relative to GaN on sapphire.  This 
investigation shed light on the mechanisms by which zinc and oxygen diffuse from the 
substrate, and has also investigated techniques by which this diffusion can be suppressed.   
Fermi level pinning was investigated to further suppress diffusion and to allow for the 
growth of device-quality material.  Ultimately, optically active InxGa1-xN/GaN multiple 
quantum well structures were grown on ZnO to serve as the active region in green GaN-
based LEDs.  Diffusion of zinc and oxygen, however, degraded the electrical properties of 
the devices so that no rectifying behavior was observed. 
ZnO substrates were also removed from 1µm-thick GaN layers via wet etching in an 
HCl solution.  This allowed for a more thorough investigation of the GaN/ZnO interface, 
and proves the concept of wet etch substrate removal for GaN-based materials and devices 
grown on ZnO.   
10.2 FUTURE WORK 
 There is ample room for future work in developing both the science and engineering of 
GaN-based materials and devices on ZnO and silicon substrates.  GaN growth on ZnO is a 
relatively open field, with little work published in the area.  This is in part due to the nature 
of the problem, which has proven quite difficult.  A better understanding of the GaN-ZnO 
interface and formation of defects at this interface is necessary in order to further develop 
GaN growth processes on ZnO substrates.  GaN growth on silicon is a more mature 
 216 
technology, and future work focused on improved device performance and growth on larger 
area substrates will be useful in pushing this technology toward commercial viability. 
10.2.1 GaN Growth on ZnO 
The issue of the reactivity of ZnO with hydrogen is a major obstacle to GaN growth on 
ZnO substrates.  However, investigation of alternative growth chemistries and techniques 
can potentially lead to a GaN growth process under conditions in which ZnO is more stable. 
 One of the great promises of ZnO substrates for GaN growth is the lattice match with 
In.18Ga.82N.  This may lead to the growth of unstrained quantum wells in LED structures.  
Investigation of unstrained quantum wells in LEDs would provide great insight into 
piezoelectric effects and strain in quantum wells.  In theory, unstrained quantum wells would 
have no piezoelectric polarization, and thus no spatial separation of electrons and holes 
because of the polarization-induced electric field.  A larger overlap of electron and hole 
wavefunctions would lead to higher radiative recombination rates and, thus, higher internal 
quantum efficiency.  
 Future studies in processing would also be beneficial, as current laser lift-off processes 
are quite expensive.  The development of a substrate removal process by wet etching would 
lead to alternative device geometries and thermal management schemes that are not feasible 
with current technology.  This is also one avenue toward the integration of GaN-based 
optoelectronics with silicon-based microelectronics, as thin GaN LEDs may be flip-chip 
bonded to silicon microchips. 
10.2.1 GaN Growth on Silicon 
 GaN growth on silicon is a more well-understood process, though the basic issue of 
tensile strain and cracking remains. Most approaches that have been successful at alleviating 
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this problem involve complicated buffer layer structures with slow growth rates. This added 
growth time and material somewhat negate the cost advantage of using silicon as a substrate.  
Future investigations into the development of growth techniques that can both alleviate the 
strain and simplify the growth process will certainly be useful in pushing silicon-based 
substrate technologies toward the GaN-based LED market.   
 The study of additional oxide layers will also be useful in determining the best approach 
for GaN growth on silicon.  Single-crystal oxide layers have been used to successfully 
integrate other III-V materials with silicon [80].  Strontium titanate (STO) and barium 
titanate (BTO) were used to grow GaAs field effect transistors by MBE.  The use of oxide 
layers other than Al2O3 may be quite useful in determining the effects of the oxide layer on 
subsequent GaN material quality as well as in improving device performance on silicon by 
improving material quality. 
 A fundamental advantage of silicon is the cost advantage, and this advantage is most 
pronounced when growing on large area substrates.  Future work to scale current GaN 
growth processes on silicon – such as the one developed in this work – will serve to take full 
advantage of the lower cost of silicon substrates.  This type of work will also most likely 
involve the investigation and development of new MOCVD growth systems that can grow 
uniform epilayers over large areas.  Currently, GaN LED manufacturers grow on sapphire 
wafers that range in diameter from 2” to 4”.  The development of GaN growth processes on 
8” or larger silicon wafers will almost certainly require modifications to current MOCVD 
technology to allow for the necessary uniformity and process control. 
 The ultimate goal of future work in GaN growth on silicon should be two-fold: 1) grow 
high quality material that can rival the quality of typical GaN on sapphire, and 2) simplify the 
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growth process so as to take full advantage of the cost savings that large-area silicon 
substrates offer in the LED manufacturing process.  
10.3 SUMMARY 
 MOCVD growth of GaN on alternative substrates was investigated in this work.  GaN 
was grown on both ZnO and silicon substrates by MOCVD, and diffusion mechanisms of 
zinc and oxygen in GaN were studied.  This research makes two contributions to MOCVD 
growth of GaN on silicon: 1) growth of high-quality GaN on Si, and 2) simplification of the 
growth process to take full advantage of the cost savings offered by large-area silicon 
substrates.  This research provides a contribution to the current knowledge base of MOCVD 
growth of GaN, and it provides a foundation on which to pursue further development of 
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